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Biomass-derived hydrocarbons that include gasoline, diesel, and jet fuel will help
replace finite fossil fuel hydrocarbons of the same range. This study showed that
temperature could be controlled in a scaled-up reactor system using three types of syngas.
The CO conversion, selectivity and amount of product created from each type of syngas
were examined. Clean syngas composed of 40% H2, 20% CO, 12% CO2, 2% CH4, and 26
% N2 was used to test ideal stoichiometric molar values. Clean syngas composed of 19%
H2, 20% CO, 12% CO2, 2% CH4, and 47 % N2 was used to test an ideal contaminate-free
synthesis gas situation to mimic our particular downdraft gasifier. Gasifier wood syngas
composed of 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2 was used in this
study to determine the feasibility of using gasified biomass syngas to produce gasolinerange hydrocarbons.
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CHAPTER I
INTRODUCTION

The world today is dependant on fossil fuel hydrocarbons for energy needs. This
energy source is finite, and other means of gleaning hydrocarbons need to be developed
to be able to meet the future demand for these fuels. Today most gasoline is derived from
oil by petro-chemical companies. The Energy Information Administration (2010)
reported that the United States’ finished petroleum product usage was 6,088,739,000
barrels for 2009. It has been reported that in 2006 the United States consumed around 24
percent of the world’s petroleum products for that year (Energy Information
Administration 2008). Biomass-derived hydrocarbons that include gasoline, diesel, and
jet fuel will help replace the fossil fuel hydrocarbons of the same range. The research
and development of electric vehicles is growing, but this alternative energy source will
not replace the need for a liquid fuel. Liquid fuels are essential because it is not feasible
to rely on battery power alone as a source of energy for large vehicles to travel long
distances.
Research of renewable liquid fuels have long been in development and include
biochemical conversions of synthesis gas (syngas) to ethanol, microbial fermentation of
sugars, starches or cellulose to alcohols, green diesel production from algae, biodiesel
production from vegetable oil, pyrolysis of biomass to bio-oil, Fischer-Tropsch synthesis
1

for hydrocarbon production and alcohol to liquid hydrocarbon production. This study
focuses on the production of gasoline from biomass that can be blended with gasoline
derived from fossil fuels to use in motor vehicles without the need of any engine
modifications. The production of liquid gasoline-range hydrocarbons in this study is
done by first gasifying biomass into syngas and then using the thermochemical
conversion of the syngas to produce the gasoline-range hydrocarbons by using a
molybdenum zeolite catalyst.
Renewable resource technologies for gasoline production using zeolite catalysts
have previously been investigated using the Fischer-Tropsch approach to selectively
shape carbon chains by creating active sites for oligomerization, alkylation and
isomerization. The carbon chain growing reaction is controlled by the small, porous
nanospace found in certain zeolite catalysts, which can be used to produce specific
gasoline-range hydrocarbons with a high octane level (Fraenkel et al., 1980; Koh et al.,
1995; Lee et al., 1992). Studies have shown that the most studied catalysts for FischerTropsch reactions, such as iron, cobalt, nickel and ruthenium cause the syngas to develop
into long chain hydrocarbons, which need post-cracking or isomerization to shorten them
into liquid fuels. Determining the most efficient way to create renewable liquid
transportation fuels is essential for production costs to be decreased; therefore, a bifunctional catalyst was shown to (unlike the Fischer-Tropsch reaction) transform carbon
monoxide and hydrogen into gasoline-range hydrocarbons without the need of postcracking or a separate down-stream catalyst for further transformation. Biomass
feedstocks are plentiful and can be used via this bi-functional catalyst to create renewable
gasoline hydrocarbons.
2

Thermochemical Conversion for Gasoline Production

Alcohol Creation via Molybdenum
Gasification is used for the chemical breakdown of woodchips to carbon
monoxide and hydrogen (as well as other gases) known as synthesis gas (syngas). The
thermochemical conversion involved in the creation of gasoline-range hydrocarbons
takes place when CO and H2 come into contact with a molybdenum species and are
converted to alcohol molecules. Molybdenum carbide and sulfide catalysts have been
shown to give mixed alcohol synthesis including methanol creation. Spath et al. (2000)
report the chemistry of methanol synthesis over a metal catalyst as the following
chemical equations:
CO + 2H2  CH3OH

ΔHr = -90.64 kJ/mol

(1.1)

CO2 + 3H2  CH3OH + H2O

ΔHr = -49.67 kJ/mol

(1.2)

CO + H2O  CO2 + H2

ΔHr = -41.47 kJ/mol

(1.3)

It is well documented that carbon monoxide forms a metal carbonyl over transition
metals, and these carbonyls are highly reactive (especially in substitution or redox
reactions) in the presence of CO and H2 to produce methanol and higher alcohols. The
chemisorption process is essential in the role of heterogeneous catalysts and this activity
is particularly high in transition metal catalysts. The chemical reagents bind to the
catalytic surface and chemical bonds form while drawing electrons away from the
chemisorption bonds. After this occurs the molecule desorbs and leaves the surface.
Molybdenum has strong chemisorption for the reactants used in this study and this
3

particular metal was used because literature (Xiang et al. 2007; Xiang et al. 2008; Liu et
al. 2009) shows that the molybdenum carbides will create the alcohols needed to produce
aromatic gasoline-range hydrocarbons. A table of different metals and their
chemisorption rates can be seen in Table A.1 of Appendix A.
Dybkjaer et al. (2001) reported that to control byproducts and kinetics, a hydrogen
molar value above 2 is needed for the methanol reaction. Wender (1996) reported that
scientists used carbon-14 labeling of 14CO and 14CO2 to show that methanol can be
created immediately from CO2. CO is converted via the water gas shift (WGS) reaction
to CO2, which is then converted to methanol. Even though methanol is made from
mixtures of H2 and CO, the reaction occurs about 100 times faster if CO2 is present
(Wender 1996). Spath et al. (2000) reported that this mechanism for catalytic methanol
synthesis is thought to advance through a long-lived formate intermediate and that CO2
helps maintain the oxidation state of the active metal sites. Spath et al. (2000) discussed
the fact that if the CO2 concentration is too high, catalyst activity is lowered and
methanol creation is repressed, but a level of 4-8% of CO2 was reported for maximum
methanol synthesis. Water is used in the WGS reaction to further methanol creation, but
large amounts of water can block active sites and reduce alcohol formation by 50%
(Spath et al. 2000).

Alcohol over HZSM-5
The second step of the bifunctional catalyst Mo/HZSM-5 had to do with
transforming alcohols into hydrocarbons. A zeolite structure was used as the support of
the catalyst because of the protonic acid sites from bridged hydroxyl groups in their
4

framework. After the molybdenum species transforms the syngas into mixed alcohols,
the alcohols come in contact with the Brønsted and Lewis acid sites of the catalyst and
dehydration gives way at low temperatures to a mixture containing water and dimethyl
ether (DME) or water and an alkene at higher temperatures (Figure 1.1). Due to the fact
that the reaction in the reactor system was at or near 350 oC, alkenes were formed.

Figure 1.1

Formations of Ether at Low Temperature and an Alkene at High
Temperature (Bloch 2006)

One particular study by Zhang (2010) clearly shows this concept of using the HZSM-5
catalyst at 520 oC to transform methanol to olefins. On solid acids of sufficient strength,
secondary olefin reactions also take place where propene may trimerize and then crack
into butenes and pentenes (Haw 2005). The route to creating longer molecules using
HZSM-5 is carried out through the formation of carbenium ions (Dejaifve 1980; Dessau
1982). These carbenium ions are formed through the dehydrogenation of an olefin over
an acid site of the catalyst (Figure 1.2).
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Figure 1.2

Formation of Tertiary Carbenium Ion via a Catalytic Acid (Jones 2006)

The steps proceed from Figures 1.3 to 1.6 where the molecules form a more stable
structure (the most stable being a tertiary structure).

Figure 1.3

Proton Shift taking place using an Acid Site (Gary 2001)

Figure 1.4

Beta Scission (Gary 2001)

Figure 1.5

Rearrangement Toward a more Stable Structure (Gary 2001)
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Figure 1.6

Hydrogen Ion Transfer (Gary 2001)

Larger carbenium ions are formed with a transfer of the hydrogen ion (Figure 1.6). The
reactions tend to favor large molecules because their relative strength of adsorption is
greater than smaller ones (Jones 2006). Once the larger carbenium ion is formed,
hydrogenation can take place either by interaction with the metal of the catalyst (Jones
2006) or by a hydrogen donor to form a stable molecule (Kursanov 1985). Gujar et al.
(2009) has shown that alcohol to gasoline is a feasible option that has been proven
recently using this type of reaction with the HZSM-5 zeolite.

Other Chemical Reactions
There are numerous chemical reactions that go on within the reactor. The most
favored reactions of syngas to liquid hydrocarbons are listed above. Reactions also
include the formation of oxygenates (equation 1.4). The Boudouard reaction in which
carbon builds up on the catalyst is shown by equation 1.5, and the methanation reaction
(equation 1.6) involves the unfavored formation of methane from the main reactants CO
and H2.
nCO  2nH 2  C n H 2n1OH  (n 1)H 2 O

(1.4)

2CO  C  CO2

(1.5)

CO  3H 2  CH 4  H 2 O

(1.6)

7

Specific Hydrocarbon Formation
When syngas reacts with the Mo/HZSM-5 catalyst, the mixed alcohols form
lower olefins which undergo oligomerization, followed by hydrogenation which gives
way to aromatic hydrocarbons because of the sieve shape selectiveness of the HZSM-5
zeolite (Bhatia 1990). Ipatieff and Pines first described a similar reaction in the 1930s.
In their work, iso-octane was produced by oligomerization of lower olefins, followed by
hydrogenation (Thomas, et al. 1996). The zeolite pore size affects the type of
hydrocarbon molecule created. In the study done by Liu et al. (2009), the larger pore size
of the zeolite-Y support produced more linear alkanes while the HZSM-5 produced more
aromatic types of compounds because of the smaller pore size and the sieve shape (seen
in Figure B.1 of Appendix B). The zeolite support to create the aromatics was chosen
because certain aromatic hydrocarbons are more profitable than other types of
hydrocarbons. The type and product distribution of specific products created from the
study done by Liu et al (2009) can be seen in Appendix B. Table B.1 and Figure B.1
show that the degree of acidity of the zeolite and the metal/support ratio affect the type of
hydrocarbons created. By decreasing the SiO2/Al2O3 ratio, the total concentration of
protonic acid sites increases, but it is believed that the strengths of these acid sites
decrease as well when the ratio is decreased; so there is a balance that must be reached in
the catalyst design (Gates 2004). Figure A.1 of Appendix A describes the changes in
hydrocarbon formation that come about due to acidity modifications. Several catalysts
have been developed, but the Mo/HZSM-5 (SiO2/Al2O3 = 50 with a 5% Mo loading)
catalyst has a high conversion of syngas to specific liquid aromatic gasoline-range
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hydrocarbons (Liu et al., 2009). Table 1.1 shows the different catalysts, conversion rates
and their product distribution percentages from different sources of literature.

9

Table 1.1

Reaction Parameters, Conversion Rates and Product Distribution Percentages for Various Catalysts used to
Convert Syngas to Liquid Gasoline Hydrocarbons

10

Objective of the Study
The objective of this study was to investigate the feasibility of producing
gasoline-range hydrocarbons from syngas created by a downdraft gasifier. To achieve
this objective, this study had three goals. The first goal was to (1) conduct an analysis of
the feasibility of using a larger reactor and an increased amount of catalyst than has been
previously used to prove that the temperature changes caused by the exothermic reactions
could be appropriately controlled, (2) determine if the syngas produced from the
downdraft gasifier could be cleaned up enough by only using a water scrubber to
successfully produce gasoline-range hydrocarbons equal to the amount of gasoline-range
hydrocarbons produced from syngas derived from the use of contaminant-free syngas,
and (3) to determine how mole ratios found in the syngas percentages affect the amount
and type of hydrocarbon production using the Mo/HZSM-5 catalyst. This was done by
comparing the CO conversion rates, H2 selectivities, C selectivities, as well as the type
and amount of hydrocarbons produced from the near 1:1 ratio of H2 to CO downdraft
gasifier syngas (19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1% O2), the near 1:1
ratio of H2 to CO clean Airgas syngas (19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2),
and the 2:1 ideal stoichiometric ratio of H2 to CO clean Airgas syngas (40% H2, 20% CO,
12% CO2, 2% CH4, 26 % N2).

11

CHAPTER II
THE REACTOR SYSTEM

Introduction
There is a plethora of reactor configurations that can be used for the liquid
hydrocarbon conversion of syngas. The most preferred reactor configuration will give
the highest selectivity of gasoline-range hydrocarbons with a narrow temperature
variation throughout the reactor. Reactor configurations for the conversion to liquid
hydrocarbons include fixed and fluidized bed reactors. Both of these types of reactors
have advantages and disadvantages. The advantages of a fluidized bed reactor include
that the catalyst particles are easy to inject and replace. This type of reactor improves the
possibility of maintaining an isothermal reactor procedure. Disadvantages of this kind of
reactor include that the reactor material requires high mechanical strength, and there is a
higher possibility of erosion of the catalyst particles and reactor (Mysov et al. 2005).
To help control the extreme temperature changes by the heat of reaction, fixed
bed multi-tube reactors allow the ability to have nearly isothermal conditions within the
reactor, but this type of system is inconvenient to install for high capacity industrial
plants. Processes of converting hydrocarbons from methanol and synthesis gas include
the following reactor types: fluidized bed reactors, pseudoadiabatic fixed-bed reactors,

12

fixed bed tubular reactors and monolithic reactors with parallel tubes using catalyst
deposits in the walls (Mysov et al. 2005).
Table C.1 in Appendix C shows condensed information from Spath et al. (2003)
about the types of reactors and a brief description of what has been used in industry.
Figures C.1 – C.6 in Appendix C show various diagrams of these types of reactors.
Efforts to test various reactor configurations could be attempted to find the highest
conversion to gasoline-range hydrocarbons and temperature control, but a scaled-up
design similar to what was used in the study done by Liu et al. (2009) was used because
of the success of hydrocarbon formation.
The system required the ability to properly maintain and control temperature,
flow-rate and pressure to convert syngas into gasoline-range liquid hydrocarbons using a
specific catalyst studied by Liu et al. (2009). Liu et al. (2009) discovered the catalyst,
5%Mo/HZSM-5 (SiO2/Al2O3 =50), had a 54% conversion rate of CO at 350 oC and a
68% conversion rate of CO at 380 oC that was later reduced to a 62% conversion rate
because of catalyst deactivation at 380 oC. Although the optimum temperature for
production of the gasoline hydrocarbons using the Mo/HZSM-5 catalyst for the scale-up
of the reactor system may be higher than 350 oC, the temperature of 350 oC was used in
order to keep the catalyst from undergoing this deactivation at or near 380 oC.
The system was built to have the capability to maintain a certain set-point
temperature without any major fluctuations. Sustaining certain temperature equilibrium
is complicated by the fact that exothermic reactions take place within the reactor. As a
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result of this fact, highly regulated temperature controls and multiple levels of heating of
the reactor were used to help maintain a consistent temperature throughout the reactor.
Using a reactor system that is able to maintain constant pressure and flow rate on
the catalyst is also very important. Liu et al. (2009) showed that pressure highly
influences gasoline-range hydrocarbon yields. Due to the fact that less concentrated
levels of CO and H2 are used in this experiment than in Liu’s study, a higher pressure of
approximately 1300 psig was used on the system. Liu et al. (2009) showed that at a
partial pressure of 250 psig for both hydrogen and carbon monoxide, gasoline-range
hydrocarbons were successfully created. A pressure of 1300 psig was used as the total
pressure to provide the system with partial pressures of hydrogen and carbon monoxide
near the 250 psig required for hydrocarbon production to take place. The CO conversion
rate and the partial pressure on the system for the CO gas are directly related so that up to
a certain point, the more pressure that is able to be put on the system, the higher the
conversion rate will be.

Chemical Kinetics of the Reactions
Gas phase reactions catalyzed by a solid are described by the following
mechanisms (Perry et al. 1997). The reactants are adsorbed on the surface of the catalyst
and react while the product is desorbed from the surface. The rate of this adsorption is
proportional to the partial pressure and fraction of the uncovered surface, while the rate
of desorption of a reactant is proportional to the fraction of the surface covered by the
reactant. The adsorptive equilibrium is maintained and the rate of the reaction between
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the adsorbed reactant is proportional to the amount of reactant on the catalyst. The
chemical kinetics of this particular catalyst can be compared to a study done by Mysov et
al. (2005) where synthesis gas was converted to gasoline-range hydrocarbons over a
bifunctional zeolite catalyst. Their model consisted of using a methanol reaction rate
given by equation 2.1. In their study, the reaction rate of the WGS shift reaction was
calculated using equation 2.2, and the reaction rate that was used for the modeling of
hydrocarbon formation is given by equation 2.3. The reaction rate they used for methane
formation is given by the first-order equation 2.4 with respect to the partial pressure of
carbon monoxide.
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Where ki is the rate coefficient or rate constant of the reaction that quantifies the speed of
the chemical reaction, Ki is the surface reaction equilibrium constant, pi is the partial
pressure, and Wi is the rate of the reaction (Mysov et al. 2005).
The rate of the chemical reaction is the speed that the reactants are converted to
products. The value of k depends on the conditions of temperature, ionic strength, and
surface area of the catalyst. The reaction rate for this study is also complicated by multistep mechanisms and phase changes that go on within the reactor. The rate equation can
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be determined experimentally and by using the help of computer simulation. Collision
theory is used to explain why chemical reactions occur at different rates and specifies that
the more particles collide, the more likely that the reaction will proceed. Le Châtelier's
principle shows factors that increase the reaction rate include concentration, temperature,
volume and partial pressure of the reactants. The more collisions per unit of time the
faster the reaction will be, so the greater the surface-area of the catalyst samples, the
more collisions take place and the faster the reaction rate. Reducing the volume of a
reactor can also increase the number of collisions so that the reaction rate increases. An
increase of temperature in the reaction increases the kinetic energy of the particles
because more of the reactant particles will have the activation energy required for more
successful collisions to take place; thus increasing the reaction rate and allowing more
liquid hydrocarbon products to form.

Mass and Energy Balances of Packed Bed Reactor
This study made use of a packed bed, cylindrical reactor vessel. There were
gradients of composition and temperature in the radial and axial directions of the
cylinder. The partial differential equations of the material and energy balances can be
seen in equations 2.5 and 2.6 and are related to Figure 2.1 (Perry et al. 1997; Walas
1990).
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Figure 2.1

Packed Bed Reactor (Perry 1997)

Where rc is the rate of the reaction, G is the mass flow rate in (mass)/(time)(superficial
cross section), u is linear velocity, D is diffusivity, Cp is the heat capacity, k is the
thermal conductivity, H r is the heat of the reaction, C0 is the initial concentration and T
is the temperature of the reactor. The inlet of the reactor corresponds to x(0,r) = x0 and
T(0, r) = T0. The center of the reactor is relates to r = 0 and is given by equation 2.7.

x T

0
r r

(2.7)

The wall of the reactor relates to r = R and is given by equations 2.8 and 2.9.

The T derivatives
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T T
 2T
,
, and 2 shown in equation 2.6 are given by the equations
z r
r

2.10, 2.11, 2.12, 2.13 and 2.14 respectively. (The equations for the x derivatives in
equation 2.5 are of the same form.)
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Equations 2.5 and 2.6 show that the mass and energy balances are dependant on the
reaction rate. Careful control of the temperature to allow energy transfer out of the
reactor was considered to keep the reactor from undergoing a runaway reaction. Multiple
levels of heating were used so that the temperature warmer areas of the reactor (due to
by-pass or a higher concentration of molecules in a certain location) could be adequately
controlled.

Heat Removal

Dry (2002) reported that in order to remove the heat created from highly
exothermic reactions, high rates of heat exchange must be maintained by high flow
through the reactor. A near turbulent flow of syngas through the reactor is needed on the
catalyst to provide this heat exchange so that severe coking and deactivation that occur by
the breaking down of the catalyst’s structure can be prevented. The Reynolds number for
a packed bed (Rep) is given by equation 2.15.
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Where Dp is the spherical diameter of the packed bed particle,  is the density of the
fluid,  is the dynamic viscosity of the fluid, Vs is the superficial velocity given by
equation 2.16 and the void fraction of packing  can be solved by equation 2.17.
Q
A

Vs 

(2.16)

Where Q is the volumetric flow rate of the fluid (4.5 SLPM) and A is the cross-sectional
area of the catalyst bed (the catalyst bed diameter was 0.742 inches).

p 

b
1 

(2.17)

Where  p is the particle density and  b is the build density (the weight of clean material
per unit bulk volume as packed in a column). To properly ascertain the Reynolds number
using equation 2.15, 1 gram of the Mo/HZSM-5 zeolite was dropped in a volume of
water. To obtain the particle density, the volume of water that was displaced by the
catalyst was used to calculate the particle density of 1.67 g/mL. This value compares
well with a study done by Popescu et al. (2006) wherein the particle densities of modified
zeolites were measured. The bulk density was obtained by inserting the 52.4 grams of
catalyst to be used in the experiments in a glass graduated cylinder to determine the
volume. The bulk density was found to be 0.42 g/mL.
The catalyst particles were not perfect spheres, but to estimate the Reynolds
number the value of their diameter (0.25 inches) was used. This particle size was used
because the mesh used to cut the catalyst into pieces was the approximate diameter of the
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particle size discussed by Turton et al. (2009) for reactor heuristics. The Reynolds
number was estimated by using the density and dynamic viscosity of air at 315 oC and
1000 psi. Based on the above values, the Reynolds number was found to be 9847. This
Reynolds number corresponds to a turbulent flow because Rhodes (2008) mentions that
for a packed tube, fully laminar conditions are classified by a Reynolds number less than
10, and fully turbulent flow is maintained at a Reynolds number of 2000 or greater. The
scale-up of the reactor system for the efficacy of creating specific hydrocarbons has yet to
be studied for this particular catalyst but with this Reynolds number, the ability to
transfer heat thoroughly throughout the reactor was possible.

Materials and Methods

Reactor System Assembly

Reactor Tube

The packed column reactor tube was assembled using two 2” cube 316 SS blocks
and a 24” long 316 SS pipe. Stainless steel was used because it would not react with the
syngas and would not rust when in the presence of water. Stainless steel is also more cost
efficient compared to other metals of the same strength and had the ability to deal with
the temperature profiles of the exothermic reactions. The 316 SS blocks were tapped
using 1” NPT to be able to cling to the reactor tube and two other 0.25 inch NPT taps for
each block were used to insert fittings attached to temperature probes to record the
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temperatures within the reactor as shown in Figure 2.2. The reactor had a catalyst bed
length of approximately 18 inches (or a volume of 52.4 mL to obtain the appropriate
GHSV using a flow rate of 4.5 SLPM) with approximately 4 inches of free space above
the top of the catalyst bed to help pre-heat the syngas before the syngas came in contact
with the catalyst. This spacing also helped keep the Teflon tape seal from becoming
overheated to the point of failure. Below the catalyst bed was 2 inches of free space to
keep the Teflon tape from being overheated.
The catalyst bed was supported by a 304 SS wire mesh with a square size of 0.009
inches. Before entering the reactor, the catalyst was filtered over a 0.0625 inch wire
mesh, and only the larger remaining particles made up the catalyst bed. The catalyst
particles were cut into oblong slab particles that ranged in diameter values (0.15 - 0.25
inches) nearly equivalent to the reactor heuristics from Turton et al. (2009) for a fixed
bed reactor. A schematic of the reactor can be seen in Figure 2.2.
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Figure 2.2

Reactor Schematic

Barlow’s formula (equation 2.18) was used be sure that the reactor could withstand the
pressures and temperatures that were going to be utilized in the study. A yield strength of
316 SS at a temperature of 371 oC more than the maximum temperature used for
calcining the catalyst was used to give the greatest safety factor.
P

2St
D
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(2.18)

Where P is the maximum pressure the pipe can handle until the material deforms, S is the
allowable stress (yield stress is used to give the greatest safety factor), t is the wall
thickness of the reactor tube, and D is the outer diameter of the reactor tube. Using a
yield stress of 110 MPa (316 stainless steel yield stress at 871 oC), a wall thickness of
0.154 inches and an outer diameter of 1.050 inches, the internal pressure before
deformation would occur was calculated to be 4679.9 psi. This provided a safety factor
of approximately 3 with a maximum pressure of 1350 psig being put on the system (not
including the increased estimate in reactor temperature yield stress). To assist with
decreasing temperature fluctuations, 0.5 inch-thick fiberglass insulation was wrapped
around the reactor tube.

System Components

The system was created using 0.25 inch 316 SS tubing, two 316 SS tank
regulators, two 316 SS ball valves, two 316 SS 15 micron filters, two Brooks Instruments
mass flow controllers (Hatfield, PA), two 316 SS check valves, two pressure gauges, two
pressure transducers, one 316 SS rupture disk (with a rupture pressure of 1900 psi), two
cube 316 SS, 2 inch blocks with one 24 inch,316 SS pipe used in the making of the
reactor, a 36 inch long coiled condenser made out of 0.25 inch and 0.375 inch 316 SS
tubing inserted into an ice/salt bath, one 316 SS sample cylinder 4 inches in diameter and
18 inches long that was used as a gas/liquid separator inside an ice/salt bath, one 316 SS
back pressure regulator, one Calibrated Instruments wet test meter (Hawthorne, NY), one
316 SS needle valve and one 316 SS pressure reducing regulator were used to build the
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system. The equipment for the system was made to withstand pressures far greater than
the maximum pressures on the high pressure tanks used at the beginning of the system.
The LabView software program (National Instruments, Austin, TX) was used to read and
control the temperature and gas flow rate of the system. The temperature of the heating
coils was governed by a relay circuit board controlled by LabView which read
thermocouple data on the inside and outside of the reactor.
The syngas began by flowing through a mass flow controller that regulated the
flow. The syngas then flowed into the reactor to react with the Mo/HZSM-5 catalyst.
Mixed products formed in the reactor flowed into a condenser and then into a gas/liquid
separator while the wet test meter monitored the gas leaving the system. Gas
chromatography (GC) was used to determine the composition of the gaseous products
leaving the system and determined whether or not liquid products were being created
directly after coming in contact with the Mo/HZSM-5 catalyst. The liquid products were
collected periodically using a pressure reducing regulator.
A process flow diagram of the system can be seen in Figure 2.3 detailing the
equipment used to build the system. The reactor can be seen in Figure 2.4, and the entire
reactor system can be seen in Figure 2.5.
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Figure 2.3

Process Flow Diagram of the Reactor System

Figure 2.4

Reactor without insulation
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Figure 2.5

Entire Reactor System

LabView Control Program

A LabView program was created to control and monitor flow rate of the syngas
along with the temperature of the reactor. Multi-element thermocouples were
programmed with LabView software to account for the exothermic reaction caused by the
Mo/HZSM-5 catalyst. Five independent heating coils were used to keep the reactor at a
stable temperature. Multiple arrays were used to read each of the temperature values at
different levels in the reactor. One temperature reading was used for two grouped
thermocouples that were in close proximity to the corresponding heating coil. Heating
coils were turned on or off by a relay switch circuit board that was controlled by the
temperature of the corresponding thermocouple.
The algorithm in the LabView control program considered rapid temperature
changes and adjusted the heating coils accordingly with the use of the relay switch. If the
temperature was rising too rapidly, the program turned the heating coils off until the rate
of heating was more desirable. If a temperature drop occurred too rapidly near the setpoint temperature, the program compensated by turning the heating coils on until the rate
of cooling became more desirable to help maintain temperature equilibrium. The
algorithm was written to maintain relatively close temperature equilibrium, regardless of
an exothermic reaction occurring within the reactor.
The flow rate of syngas and helium flowing through the system also was
controlled and read into the program. Source code was obtained from Brooks
Instruments and implemented into the LabView program to control as well as read the
flow-rate into the system using Brooks Instruments mass flow controllers. A pulse
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generator was obtained from Calibrated Instruments to be used along with the wet test
meter with a National Instruments USB-600 multifunction data acquisition device
module to record the total volume of gases flowing through the meter. This same module
was used to record the pressures from transducers before and after the reactor. A
screenshot of the LabView control program can be seen in Figure 2.6.
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Figure 2.6

LabView Control Graphical User Interface

Temperature Control

Five rolls of 120 voltage-alternating current heating tape were used to heat the
outside of the reactor. Each roll of tape was 2 feet long and used 52 Watts per foot. To
control these rolls of heating tape, an RS-232 8-channel 10 amp single pole, double throw
relay switch circuit board was used (obtained from iorelay.com). Five channels were
used on the relay switch circuit board to accommodate the 5 coils of heating tape.
By using software obtained from iorelay.com, hexadecimal numbers were
recorded as to which input command was used to turn a specific relay switch channel off
or on. These command values were used in LabView along with an algorithm to keep the
temperature at the specified set-point. Five National Instruments universal serial bus
(USB) data acquisition device modules (model USB-9162) were used to determine the
temperature of the reactor on the inside and outside of the reactor. There were a total of
11 thermocouples in the reactor. One thermocouple (I0 in Figure 2.2) recorded the
temperature of the syngas in a 4-inch-long vacant portion of the reactor before the syngas
made contact with the catalyst. Ten other thermocouples located inside the reactor were
placed every 2.5 inches from the tip of a multiple thermocouple probe (obtained from
omega.com). One relay switch corresponded with heating tape located in a certain
section of the reactor. Eight K-type thermocouples were used throughout the inside of the
reactor dealing with the catalyst. (Eleven thermocouples were used throughout the inside
portion, but only 8 corresponded with the temperature of the heating of the catalyst bed.)
The outside of the reactor contained 6 different thermocouple locations (Figure 2.2).
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A simple algorithm was written to take into account the change in temperature in
a section of the reactor and respond to that change by either turning on a section of
heating tape or turning it off. The heating of the reactor was broken up into four sections
(Figure 2.2) with a pre-heater in which five relay switch channels related. A total of 5
thermocouples were used that corresponded with the feedback loop in the LabView
program to cause relay switch channels to turn on the heating tape that corresponded to
the appropriate section of the reactor. These thermocouples are listed as I1, I2, I3, I5, and
I7 in Figure 2.2. Every 2 seconds, a reading was recorded, and the logic portion of the
algorithm would decide to turn a specific heating coil on or off.
The very first relay channel corresponded to thermocouple I1. This relay channel
acted as a pre-heater in correlation to the heating tape that was wrapped around a section
of tubing before the syngas actually reached the reactor and is listed as the “Pre-heater”
in Figure 2.3. This heating tape was activated by the first relay channel if the top of the
catalyst bed temperature with an addition of 50 oC was lower than the set-point
temperature. If the temperature in the top of the catalyst bed with an addition of 50 oC
was higher than the set-point temperature, the first relay switch channel would turn off
the heating tape. The first relay switch channel’s Boolean switch logic is given by
equation 2.19.
Top of Catalyst Bed Temperature + 50 oC < Set-point Temperature

(2.19)

If this statement was true then heating would occur, while if it was false no heating would
occur.
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The second through fifth relay switch channels each dealt with four sections of
the reactor. The second relay channel corresponded with heating a section of the reactor
dealing with the top portion of the catalyst and is shown as HT-2 in Figure 2.2. This
relay channel switched on and off based on an array of temperatures that were collected.
Every two seconds, a temperature reading was collected from thermocouple I2 (Figure
2.2), and this datum was inserted into an array. The datum was inserted into the index
position 0, and the previous reading was inserted into the next index of the array. An
algorithm was written to accommodate the extreme exothermic reaction that took place
by turning off the relay channel if the temperature was within 10 degrees of the set-point
temperature or if the increase in temperature from one index to another in the array was
too large. If the increase in temperature was greater than 0.25 oC for a 2 second period,
the set-point temperature was automatically decreased by 100 oC within the program so
that if the current temperature was within 100 oC of the user’s temperature set-point, the
relay switch channel would turn off and cause the heating tape to turn off as well. If the
increase in temperature was greater than 0.30 oC for a 2 second period, the set-point
temperature was automatically decreased by 200 oC within the program so that if the
current temperature was within 200 oC of the user’s temperature set-point, the relay
switch channel would turn off and cause the heating tape to turn off as well for that
specific section of the reactor.
Another part of the algorithm was written to accommodate the cooling of the
reactor. If the temperature was above the user’s set-point and then started to drop so that
the decrease in temperature from one index to another in the array was too large and a
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specified value away from the set-point temperature, the heating tape would be activated.
If the decrease in temperature was greater than 0.20 oC for a 2 second period, the setpoint temperature was automatically increased by 5 oC within the program so that if the
current temperature was within 5 oC of the user’s temperature set-point, the relay switch
channel would turn on and cause the heating tape to turn on as well. If the decrease in
temperature was greater than 0.25 oC for a 2 second period, the set-point temperature was
automatically increased by 10 oC within the program so that if the current temperature
was within 10 oC of the user’s temperature set-point, the heating tape was switched on for
that specific section of the reactor.
The third relay channel corresponded with heating a section of the reactor dealing
with the middle portion of the catalyst and is shown as HT-3 in Figure 2.2. Every two
seconds a temperature reading was collected from thermocouple I3 (Figure 2.2) and this
datum was inserted into an array. The heating and cooling algorithm was similar to the
one that controlled the second relay channel with the difference that if the increase in
temperature was greater than 0.25 oC for a 2 second period, the set-point temperature was
automatically decreased by 200 oC within the program so that if the current temperature
was within 200 oC of the user’s temperature set-point, the relay switch channel would
turn off and cause the heating tape to turn off as well. If the increase in temperature was
greater than 0.30 oC for a 2 second period, the set-point temperature was automatically
decreased by 300 oC within the program so that if the current temperature was within 300
o

C of the user’s temperature set-point, the relay switch channel would turn off and cause

the heating tape to turn off for that specific section of the reactor. The algorithm was
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built differently because it was shown that after many preliminary tests that this portion
of the reactor was more active in the exothermic reaction so the warming of this portion
of the reactor was slowed to keep the reactor from rapidly heating to the point of a runaway reaction.
The fourth relay channel corresponded with heating a section of the reactor
dealing with the lower-middle portion of the catalyst and is shown as HT-4 in Figure 2.2.
Every two seconds, a temperature reading was collected from thermocouple I5 (Figure
2.2), and this datum is inserted into an array. The heating and cooling algorithm for this
relay channel was a clone of the one that controlled the second relay channel.
The fifth relay channel corresponded with heating a section of the reactor dealing
with the lowest portion of the catalyst and is shown as HT-5 in Figure 2.2. Every two
seconds, a temperature reading was collected from thermocouple I7 (Figure 2.2), and this
datum was inserted into an array. The heating and cooling algorithm was similar to the
one that controls the second relay channel with the difference that if the increase in
temperature was greater than 0.35 oC for a 2 second period, the set-point temperature was
automatically decreased by 100 oC within the program so that if the current temperature
was within 100 oC of the user’s temperature set-point, the relay switch channel would
turn off and cause the heating tape to turn off as well. If the increase in temperature was
greater than 0.40 o C for a 2 second period, the set-point temperature was automatically
decreased by 200 oC within the program so that if the current temperature was within 200
o

C of the user’s temperature set-point, the relay switch channel would turn off and cause

the heating tape to turn off for that specific section of the reactor. The algorithm was
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built differently because it was shown that, after many preliminary tests, this portion of
the reactor was less active in the exothermic reaction, so this difference in the rate of
temperature increase in the algorithm was used as a means to keep the reactor
temperature more steady. A simplified flow diagram of the temperature control program
using the specific Boolean values mentioned above can be seen in Figure 2.7.
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Figure 2.7

Simplified Flow-sheet of the Temperature Control Algorithm
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The graphical user interface (GUI) shown in Figure 2.6 displayed whether or not
the reactor was heating or cooling in certain sections based on the array of temperature
data collected from each thermocouple. Each relay switch channel’s position was
controlled by the overall temperature of the system. The user would input a temperature
that is known as “Highest Allowable Temp” into the GUI that will turn off all of the relay
channels if the temperature for any of the thermocouples reached the highest allowable
temperature specified by the user in the GUI.
Temperature warnings were given based on preferences made by the user. To
warn the user whether or not the internal temperature of the reactor was too hot or cold,
the input value in the GUI known as the “Allowable Inside Temp Variance” would warn
the user if the inside of the reactor was too hot or cold based on the top 7 thermocouples
located inside the reactor that were in contact with the catalyst (I1-I7 in Figure 2.2). This
number used the set-point temperature as the baseline value so that once the temperature
was near the set-point, the user could change this warning value to caution them if the
temperature was too hot or cold based on the difference of the set-point temperature and
the temperature of a thermocouple. Two warnings in the form of two different sounds
were used for this purpose, and the green light in the GUI under “Too Hot” will turn red
if the reactor is too hot, and the green light in the GUI under “Too Cold” will turn blue if
the reactor is too cold.
The user had the ability to input a value in the GUI known as the “Allowable
Outside Temp Variance” and this value warned if the outside of the reactor was too hot
based on 6 thermocouples located on the outside of the reactor shown in Figure 2.2. The
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warning was based on if the temperature on the outside of the reactor was higher than the
number input into the Highest Allowable Temperature” control box, the green warning
light below would turn red, and the user would be cautioned that the outside of the
reactor was too hot with a specific sound.

Computer Memory Allocation

Memory allocation was important to keep the computer from getting overloaded
with data to the point that it caused a system crash. The program in LabView created an
excel file for the date, the current time, the amount of time (in hours, minutes and
seconds), the number of seconds that have elapsed from the start of an experimental run,
11 thermocouples dealing with the inside of the reactor, 6 thermocouples dealing with the
outside of the reactor, 1 thermocouple relating to the condenser temperature, 1
thermocouple relating to the temperature inside the wet test meter, information regarding
the total volume of gas that went through the wet test meter, information regarding
whether or not the 5 relays dealing with the heating tape were on or off, the pressure
before the reactor and the pressure after the reactor. These data were stored every 2
seconds into the computer’s memory. Each hour, these data were stored into a separate
excel file which allowed the computer to erase the array of all the data that was stored in
memory dealing with that particular hour. The flow-rates of the syngas and helium were
stored in the exact same way but were output into separate excel files.
Consideration for an interruption in the experiment was given so that if there was
a problematic issue, and the program was interrupted before a full hour was reached, the
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data arrays currently held within the computer’s memory from the interrupted experiment
would be written to an excel file so that the data for the experiment would not be lost.

Flow Control

The syngas and helium flow controllers were controlled by proportional-integralderivative (PID) software obtained from Brooks Instruments. The software source code
was modified to allow the implementation of the heating control and the flow control
program to coincide within the same LabView program. The software allowed the user
to input a flow rate in standard liters per minute (SLPM) and this information was related
to the Brooks Instruments control box (model 0154). The control box communicated
with each of the flow controllers, and they regulated the flow rate of the syngas.

Experimental Analysis

Sand Testing

Methods

To test the utility of the reactor system, 100 mL of sand was inserted into the
reactor for temperature, pressure and flow-rate testing. The LabView control program
was set up to maintain a flow-rate of 4.5 standard liters per minute. The helium was used
for 5 minutes to build the pressure up to 1500 psig. The helium was shut off, and gasifier
wood syngas (19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1% O2) was introduced
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into the system. The syngas was then used for the duration of the test run for 133
minutes. After 5 minutes of syngas flow, a temperature set-point of 300 oC was entered
into the LabView control program. The duration of the test was around 2 hours to
determine if the LabView control program and the system were running correctly.

Results

After a total of 25 minutes of the experimental run, the system reached the
temperature set-point of 300 oC as shown in Figure 2.8. Figure 2.8 corresponds with
Figure 2.2 and shows that the temperatures remained reasonably steady throughout the
entire test to within 22 oC or 7 % of the set-point temperature without an exothermic
reaction. To decrease this variability, modifications that make up the algorithm
previously mentioned were designed to cut down on the inconsistency of the temperature.
Figure 2.9 shows that the mass flow rate was constant throughout the test, so this portion
of the algorithm that dealt with the flow rate was not changed.
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Figure 2.8

Warming of the Reactor Tube during Sand Test

Figure 2.9

Flow Rate in Standard Liters per Minute of Syngas during Sand Test

42

Wood Syngas Pretreatment using Mo/HZSM-5 and Mo/H-Y Catalysts

Methods

After modifying the LabView temperature control algorithm due to the
temperature variability during the sand test, the first experiments using Mo/HZSM-5 and
Mo/H-Y catalysts were carried out using 100 mL (42.2 g) of catalyst at a gas hourly
space velocity (GHSV) of 3000 h-1. Unlike the sand, the Mo/HZSM-5 and Mo/H-Y
catalysts both cause exothermic reactions when in the presence of syngas. The method
for preparing the catalyst was identical to Liu et al. (2009). The Mo/Zeolite was prepared
by incipient wetness impregnation of (NH4)6Mo7O24-4H2O (Fisher Scientific) aqueous
solution with the ammonium form of ZSM-5 (SiO2/Al2O3 = 50) and Zeolite Y
(SiO2/Al2O3 = 80) obtained from Zeolyst International using 5% Mo loading. The
catalyst samples were calcined in an oven at 500 oC for 3 hours. The samples were later
pressed using approximately 1000 psi of pressure and then broken up into approximately
0.25 inch diameter oblong particles for the experimental runs. The samples were
calcined in 2.5 SLPM of compressed air for 3 hours. They were pretreated using the
wood syngas obtained from the downdraft gasifier for 1 hour at 400 oC. This was to help
form the molybdenum oxides and carbides used in the reaction known to assist in the
gasoline production (Liu et al. 2009). After this, to remove any molecules that may have
formed in the reactor, a pressure of 500 psig of helium was used to purge the system of
any molecules that could have been created from the wood syngas.
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Results of Wood Syngas Pretreatment using Mo/HZSM-5

. The first experimental run using the Mo/HZSM-5 catalyst showed that the
temperature was better controlled than the sand test except when changing out a tank of
syngas when using a set-point of 350 oC. The flow controller was left on the “Control”
option of the GUI when a new tank was added to the line, and the newly added pressure
caused the flow-rate to increase dramatically which caused a severe increase in
temperature. This was later corrected by turning the controller to the “Close” option in
the GUI where new tank pressure could be put on the controller, and then the “Control”
option was chosen after the flow controller equilibrated to the new pressure.
Figure 2.10 shows the internal temperatures throughout the catalyst that correspond to
Figure 2.2, and at hour 6, the temperature spike due to the controller issue can be seen.

Figure 2.10

Temperatures throughout Mo/HZSM-5 Test
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For the first 3 hours, (before tanks were changed out at hour 6 and the flow rate changed),
the highest standard deviation for the internal temperature was 3.12 based on the 2nd
internal probe (I2) to the 7th internal probe (I7). This test was carried out using uncleaned wood syngas (19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1% O2). Only 6.2
mL of water was produced from this test.

Results of Wood Syngas Pretreatment using Mo/H-Y

The first experimental run of Mo/H-Y showed that the temperature was better
controlled than in the previous tests. A temperature set-point of 400 oC was used to
increase CO conversion. Figure 2.11 shows the internal temperatures throughout the
catalyst that correspond to Figure 2.2.

Figure 2.11

Temperatures throughout Mo/H-Y Test
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Throughout this test, the temperature remained reasonably steady. From the 1st hour to
the 10th hour, the highest standard deviation was 2.20 based on the 2nd internal probe (I2)
to the 7th internal probe (I7) which was better than the previous test. This test was carried
out using un-cleaned wood syngas (19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1%
O2). Only 4.2 mL of water was created during this test.

Testing of 3 Different Gas Mixes Using Mo/HZSM-5

Methods

After finding that the temperature could be controlled but no liquid hydrocarbons
were produced, an online GC was added directly after the reactor to find out if any
hydrocarbons were being created at all. After more testing using the wood syngas over
the Mo/HZSM-5 catalyst at a temperature of 350 oC, the results showed that the
hydrocarbon peaks were created at the beginning of the test, but about 4 hours into the
test, these peaks became less pronounced and finally disappeared. The wood syngas was
tested, and traces of ammonia were found in the wood syngas. The wood syngas was
then scrubbed, and then three tests were performed containing the following mole
percentages of gases to show if there were issues with stoichiometric ratios in the gas and
contaminates for hydrocarbon formation:
1) 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2 (Airgas syngas)
2) 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2 (Airgas syngas)
3) 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1% O2 (syngas from gasifier)
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Due to the fact that no liquid hydrocarbons were produced from the testing of
Mo/HZSM-5 and Mo/H-Y, the procedure was changed by pre-treating the catalyst with a
50 percent mole percentage of H2 and a 50 percent mole percentage of CO instead of the
wood syngas to increase the molybdenum carbide and oxide production as was done by
Liu et al. (2009). After the pretreatment, to remove any molecules that may have formed
in the reactor, a pressure of 500 psig of helium was used to purge the system multiple
times to flush out any molecules that could have been created from the pure H2 and CO
syngas.
The amount of catalyst was increased to 125 mL or 52.4g, and the flow rate was
reduced to 4.5 SLPM or a GHSV of 2160 h-1. At first, a GHSV of 3000 h-1 (Liu et al.
2009) was used, but because of the larger reactor size and the increase in capacity of
catalyst, the heat could only be reasonably controlled when the GHSV was reduced. The
reduction to a GHSV of 2160 h-1 increased the total residence time for the syngas in the
reactor which would hopefully greater gasoline-range hydrocarbon selectivity. The
overall pressure for each test was increased to 1300 psig to attain reported (Liu et al.
2009) partial pressures of approximately 250 psig for H2 and CO in the 1:1 tests that he
used to create gasoline-range hydrocarbons.
To test an ideal situation, a clean syngas (Airgas) 2:1 mole ratio of H2 to CO
(40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2) was used to show the maximum amount
of liquid products that could be obtained under ideal stoichiometric reactions with a mole
ratio of gases closely related to the downdraft gasifier. To test an ideal contaminate-free
situation from our particular downdraft gasifier, a clean syngas (Airgas) mix equivalent
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to the mole ratio of the gasifier was obtained. This mix was a near 1:1 mole ratio of H2 to
CO (19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2). The syngas mole ratio percentages
(19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1% O2) from the gasifier were tested
after being put through a water scrubber. Unlike the clean syngas, the gasifier syngas
mix contained certain impurities such as O2, NOx and ammonia.

Results

The average temperatures of each different syngas mix for each internal probe
(I1-I7 shown in Figure 2.2) using the 2:1 Airgas syngas, 1:1 Airgas syngas and 1:1 wood
syngas are shown in Figures 2.12, 2.13 and 2.14 respectively over the 9 hour period that
the syngas was in contact with the catalyst. The average standard deviations of these
temperatures for each syngas mix are shown in Figure 2.15 for better clarity.
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Figure 2.12

2:1 Airgas Syngas Average Internal Temperatures over Mo/HZSM-5
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Figure 2.13

1:1 Airgas Syngas Average Internal Temperatures over Mo/HZSM-5
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Figure 2.14

1:1 Wood Syngas Average Internal Temperatures over Mo/HZSM-5

Figure 2.15 shows the average temperature throughout the inside of the reactor for three
repetitions dealing with a specific syngas mix relating to Figure 2.2. Figure 2.15 shows
that the temperature was higher throughout most of the reactor for the 2:1 and 1:1 Airgas
syngas tests than the 1:1 wood syngas tests. This increase in internal temperature is due
to the fact that the reactions took place at a higher rate than that of the wood syngas test.
The average standard deviation of the set of three 2:1 Airgas syngas tests was higher than
the 1:1 Airgas syngas tests, and the 1:1 Airgas syngas test had higher average standard
deviations than the 1:1 wood syngas tests. The data in Figures 2.12, 2.13 and 2.14
coupled with Figure 2.15 show that the heat of reaction was greater for the ideal clean
stoichiometric situation and clean 1:1 Airgas syngas. This is due to the fact that the wood
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syngas contained oxygen and other contaminates that hindered the reactions to form
alcohol intermediates and liquid hydrocarbons.

Figure 2.15

Average Temperature throughout the Inside of the Reactor for each
Syngas Mix

Conclusions

This system was able to both accurately control and monitor the temperature and
flow-rate of syngas through the reactor to create gasoline-range liquid hydrocarbons
using the Mo/HZSM-5 catalyst. The LabView control program provided the ability to
maintain and control flow-rate and temperature to produce specific hydrocarbons from
biomass feedstock gasified using a downdraft gasifier. The experiments show that by
having a Reynolds number of 9847 with help of the inert gas nitrogen and multiple
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warming sections, the heat can be adequately controlled when syngas undergoes
exothermic reactions via the Mo/HZSM-5 catalyst.
Although the 1:1 wood syngas was scrubbed using a water scrubber, the liquid
production was not as successful as the 1:1 Airgas syngas even though the two gases had
similar molar percentages of gas components. This shows that there are contaminates
that retard the hydrocarbon-producing chemical reactions, and other gas cleaning
methods need to be used. The internal thermocouples of the reactor show that the
temperature varies due to trouble with heat transfer through the reactor, especially when
the greatest amount of gasoline is created with the 2:1 Airgas syngas. The reactor
achieves the set-point temperature, but then exothermic reactions cause the internal
temperature to increase while the external temperature drops dramatically. This is
necessary to cool the reactor, but then the reactor takes time to heat back up to maintain
the desired temperature, so the temperature falls below the desired temperature before
heating back up, and then exothermic reactions then cause the reactor temperature to
overshoot the set-point temperature. Increasing the GHSV of the syngas would increase
the amount of syngas over the catalyst and therefore increase liquid hydrocarbon
production, but this would also cause problems dealing with temperature control. The
increase of GHSV can be done if the temperature can be more adequately controlled.
Controlling temperature would be better accomplished by using cooling throughout the
inside of the reactor and by using channels of a material with a high thermal conductivity
(such as silicon carbide) throughout the reactor to dissipate the excess heat. Future
values of temperature, pressure, and GHSV can be tested with more modification of the
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reactor and alterations of the temperature algorithm to discover the optimum variables to
produce the maximum amount of specific gasoline-range liquid hydrocarbons.
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CHAPTER III
SYNGAS OVER MO/HZSM-5

Materials and Methods

Procedure

Three tests were conducted, compared and contrasted. They are as follows:
1) 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2 (Airgas syngas)
2) 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2 (Airgas syngas)
3) 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1% O2 (syngas from gasifier)
For statistical purposes, three tests of each set mentioned above were performed.

Syngas Preparation

Clean syngas was obtained from Airgas with a 2:1 mole ratio of H2 to CO (40%
H2, 20% CO, 12% CO2, 2% CH4, 26 % N2) to show the maximum amount of liquid
products that could be obtained under ideal stoichiometric reactions. Another clean
syngas mix from Airgas was obtained to test an ideal syngas contaminate-free situation
from our particular downdraft gasifier. This mix’s molar ratio of gases was comparable
to the mole ratio of the wood gasifier syngas and consisted of a near 1:1 mole ratio of H2
to CO (19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2). To prepare the wood gasifier
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syngas, a feedstock of woodchips was converted to syngas with a down-draft gasifier
(Community Power Corporation Bio-Max, Littleton CO). Unlike the clean syngas,
gasifier syngas mix contained certain impurities. This syngas was made up of a near 1:1
mole ratio of H2 to CO (19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1% O2).
After running a few preliminary tests, it was discovered that the gasifier syngas
caused deactivation of the catalyst approximately 4 hours into the experimental run.
Online GC showed that the amount of hydrocarbons formed in the reactor decreased with
respect to time after the 4th hour of testing. To determine the cause of this deactivation,
the gasifier syngas was tested using a real-time gas analyzer with the infrared
spectroscopy method. Impurities of the gasifier syngas (before being scrubbed) included
107.1 ppm of NOx (nitrous oxides) and 3.5 ppm of NH3 (ammonia). Ammonia has been
reported to poison strong acid sites of zeolite catalysts (Garcia 1996), and it has been
shown that large amounts of ammonia can be stored in the zeolite structure (Sloss 1992).
Ammonia is a strong base and is attracted to both the Lewis and Brønsted acid sites to
poison the acid portion of the catalyst by forming a salt. The ammonia ceases or severely
retards the catalyst process by forming a salt complex which blocks the ability of the acid
sites to dehydrate the alcohol molecules or oligomerize the olefins to form aromatics. A
similar catalyst poisoning by this type of reaction was shown by Essayem et al. (1997)
and revealed that most of the acidic sites disappeared and were replaced by salts from the
acid/base reaction. The simplest way to remove the ammonia from the syngas so that the
acidic catalytic sites would remain intact was to use a water scrubber shown in Figure
3.1.
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Figure 3.1

Water Scrubber Schematic

Wood Syngas Scrubbing and Compression Equipment

To properly scrub the gasifier syngas, a water scrubber and gas drying apparatus
were assembled. Two 25-gallon 304 stainless steel (SS) wide mouth tanks were
obtained. Stainless steel tubing of 3/8 inches in diameter was used for all the connections
along with 3 3/8” SS crosses, and 5 3/8” SS tees for the water scrubber. One of the tanks
was outfitted with 13 SS exhaust mufflers with a filtration rating of 50 microns. These
mufflers were used to create the maximum amount of syngas bubbles so that the utmost
possible surface area of syngas could come in contact with the water and contaminates
(i.e. ammonia) could be scrubbed by dissolving in the water (Figure 3.1).
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The wood was gasified, and this syngas was cooled with an ice bath. The syngas
was then compressed to approximately 50 psig using a 1-stage air compressor. After
compression, the syngas was filtered through the 25-gallon tank water scrubber shown in
Figure 3.1. The ammonia dissolved in the water and became dissociated from the gasifier
syngas. The GC-MS results of the syngas after it had been cleaned showed that the
ammonia was successfully removed from the syngas after the water scrubber was used.
After the cleaning process, the gasifier syngas flowed through a different 25-gallon tank.
This 25-gallon tank contained 80 lbs of white silica gel desiccant to dry the syngas so that
no water would be present. Directly after cleaning, the gasifier syngas underwent
compression using a 2-stage pneumatic air pump obtained from Hydraulics International
(Chatsworth, CA) and was compressed to approximately 2000 psig to fill 141.5 ft3 tanks.
Using a flow rate of 4.5 standard liters per minute (SLPM), the tanks would need to be
interchanged every 4.5 hours because of the amount of volume that decreased with
respect to the pressure drop, so three tanks were needed for each test.

Catalyst Preparation

The experiments using the Mo/HZSM-5 catalyst were carried out using 125 mL
(52.4 g) of catalyst at a GHSV of 2160 h-1. A GHSV of 3000 h-1 was initially used, but
the heat given off by the exothermic reactions was too difficult using a flow rate
correlating to this. The overall pressure for each test was increased to 1300 psig to attain
reported (Liu et al. 2009) partial pressures of 250 psig for H2 and CO in the 1:1 tests that
created gasoline-range hydrocarbons. The method for preparing the catalyst was
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identical to the method used by Liu et al. (2009). The Mo/Zeolite was prepared by
incipient wetness impregnation of (NH4)6Mo7O24-4H2O (Fisher Scientific) aqueous
solution with the ammonium form of ZSM-5 (SiO2/Al2O3 = 50) obtained from Zeolyst
International using 5% Mo loading.
The samples were calcined in an oven at 500 oC for 3 h. The samples were later
pressed using approximately 1000 psi of pressure and then broken up into approximately
0.15-0.25 inch diameter oblong particles for the testing. The samples were then calcined
in the reactor tube at 500 oC for 3 hours using 2.5 SLPM of compressed air. After the
catalyst was calcined using compressed air on-stream, the method mentioned by Liu et al.
(2009) was used by pre-treating the catalyst with a pure syngas mix of 50% H2 and 50%
CO mole ratio. One difference in the pretreatment was that a GHSV of 2160 h-1 was used
for 1.5 hours due to heat control issues. After this, to remove any molecules that may
have formed in the reactor, a pressure of 500 psig of helium was used to repeatedly purge
the system of any molecules that could have been created from the pure H2 and CO
syngas.
The exact same catalyst was used for the first two 2:1 Airgas syngas tests and all
3 of the 1:1 Airgas syngas tests. Careful compression techniques were used to keep
oxygen from getting into the wood syngas but some leakage from the compressor or
gasifier caused there to be an oxygen molar content of 0.5 – 1 % for the gasifier syngas.
NOx was shown to be a contaminate in the syngas and has been known to go through
selective catalytic reduction on metal zeolite catalysts (Efstathiou et al. 2006). One of the
products from this reduction (ammonia) could be the cause of the catalyst retarding the
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production of hydrocarbons using the 1:1 wood syngas and why the liquid production is
so much lower than the 1:1 Airgas syngas. To keep the ammonia or other contaminates
in the wood syngas from building up from test to test within the same catalyst sample,
new catalyst samples were prepared in the same exact way for each different wood
syngas test so that each of the wood syngas tests had a separate catalyst prepared for each
test. Each catalyst sample used in this study was prepared the exact same way.

Experimental Run

The back pressure regulator of the system was set to 1250 psig at the beginning of
the experimental test run, and helium was used to pressurize the system. The pressure at
the inlet of the reactor remained at approximately 1300 psig with a pressure drop of 5060 psig through the reactor for each test. Helium was used to pressurize the system
because approximately 800-900 liters of gas were needed for this. After the system was
successfully pressurized, the syngas was introduced to the system and came in contact
with the catalyst. The average pressure of each of the syngas tests ranged from 13001331 psig to be sure that a partial pressure of around 250 psi was used for both H2 and
CO. Liu et al. (2009) showed that at this partial pressure, liquid hydrocarbons could be
successfully created. The test was run for a period of 10 hours while liquid samples were
taken periodically. (After the helium was subtracted from the system, this showed that
the test only ran approximately 9 hours with syngas flowing over the catalyst for each
test.)
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On stream samples were collected from the exit of the reactor using GC that
tested for ranges of different hydrocarbons to be sure that the reactions were performing
adequately. Every 35 minutes, this sample was tested using FID to show whether or not
liquid hydrocarbons were being created. Every 30 minutes starting at the first hour, inlet
and outlet syngas samples respectively were injected using a different GC machine
outfitted with a thermal conductivity detector (TCD) to find the conversion of carbon
monoxide and selectivities of other gases. The off gas components were measured using
a GC from SRI Instruments outfitted with a TCD (using ultra high purity argon carrier
gas at 35 psi and 20 mL/min). A ShinCarbon ST 80/100 column was used with a
temperature profile of 100 oC for 3 minutes and then a temperature increase of 1 oC a
minute for 17 minutes for a total of 20 minutes. This column was used to measure the
percentage of hydrogen, nitrogen, carbon monoxide, methane and carbon dioxide in the
off-gas. Components directly flowing out from the reactor were measured by a different
GC from SRI Instruments outfitted with a flame ionization detector (FID). The gases of
ultra high purity helium (32 psi and 20 ml/min), air (15 psi and 5 mL/min) and hydrogen
(35 psi and 25 mL/min) were used for the FID system. A MXT-1 column was used with
a set temperature profile of 100 oC for 35 minutes. This column was used to show what
types of hydrocarbons were being created directly from the exit of the reactor. Gas
chromatography-mass spectrometry (GC-MS) was used to specify the types of liquid
hydrocarbons produced by the system by a Shimadzu GC-MS device using an Agilent
HP-5MS 5% phenyl methyl siloxane column (30m x 250 μm x 0.25 μm). The
temperature profile involved holding a temperature of 40 oC for five minutes, followed by
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a temperature ramp of 10 oC for 14 minutes and then an 11 minute temperature hold for a
total of 40 minutes to identify the kinds of hydrocarbons created by the system. Data that
were collected every 2 seconds for the temperatures, flow-rate, pressure, exit gas volume,
and whether or not the relays were switched on or off throughout the test were compiled
into an excel file every hour throughout the testing period.

Conversion and Selectivity Methods

The total amount of synthesis gas that passed through the catalyst, the average
pressure through the reactor and the average temperature through the reactor were
calculated using the data collected. By using these values along with a sample cylinder
of gas as a standard, the area of the inlet and outlet gas, and the ideal gas law, the number
of moles of gas for the inlet and outlet of each of the different molecules of gas were
determined. The ideal gas law is given by equation 3.1.
pV = nRT

(3.1)

Where p is the pressure of the gas in atm, V is the volume in liters, n is the number of
moles, R is the gas constant value 0.0821 (L*atm)/(mol*K), and T is the absolute
temperature in K. These values were used to find carbon monoxide conversion and
selectivity of products by the following equations. Due to the fact that nitrogen was inert
in the system, it was used as the internal standard for the CO conversion calculation and
the CO conversion was found from equation 3.2.
Conversion of CO (%) 

0
CCO
C N0 2 CCO / C N 2
0
CCO
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100

(3.2)

0
Where CCO
is the concentration of the CO in the output gas, C N0 2 is the concentration of

N2 in the output gas, CCO is the concentration of CO in the input gas, and C N 2 is the
concentration of N2 in the input gas. The selectivity of the products was calculated based
on hydrogen and carbon monoxide given by the equation 3.3.
Selectivity (%) 

Amount of product created (mol)
100
Amount of substrate consumed (mol)

(3.3)

The liquid products were weighed for mass and measured for volume, and then the
percentage of the amount of each specific component was measured by gas
chromatography and mass spectra (GC-MS) analysis.

Results and Discussion

CO Conversion

To compare the 3 different test sets that were performed, the CO conversion, C
selectivity, H2 selectivity, amount and type of liquid hydrocarbons produced from each
experimental run were calculated and measured. Figure 3.2 shows the CO conversion
rate for each different test set.
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Figure 3.2

CO Conversion by Hour for each Set of Tests Performed

Data for the two Airgas syngas samples were somewhat handicapped because
some of the hydrocarbons within the outlet gas caused an overload of the GC device.
Some of the data for the 2:1 Airgas syngas and 1:1 Airgas syngas were replaced by mean
substitution imputation. The raw data values along with the mean substitution
imputations of CO conversion for the 2:1 Airgas, 1:1 Airgas and 1:1 wood syngas tests
can be seen in Tables D.1, D.2 and D.3 of Appendix D, respectively. The first hour is
omitted in Figure 3.2 because much of the helium was flowing through the system during
the first hour of the test runs. Figure 3.2 shows that the 2:1 Airgas syngas had much
better CO conversion than both the 1:1 Airgas syngas and the 1:1 wood syngas.
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To investigate the significance of these results further, a statistics investigation
using the split-plot design was used for these tests. This analysis was used to show
whether or not there was significant difference between each hour that the test was run.
The interaction effects of a particular test of a certain mix and CO conversion of a certain
hour showed a p-value of 0.1393 for this interaction, and when testing at the 0.05
significance level, this showed that there was no interaction to significantly affect CO
conversion percentage. Table B.2 shows that there was not much significant change from
hour to hour for each of the tests of the different mixes when testing at a p-value of 0.05
because of the chained results. This also shows that even though the catalyst in the
reactor tube was interchanged for different tests, and different catalysts that were made in
the same way were used, there were only small differences in the CO conversion
outcome of a specific hour within the reactor tube for all tests performed.
The LSD comparison for each of the different syngas mixes used can be seen in
Table E.4 of Appendix E. These data show that the 2:1 Airgas syngas mix produced the
highest CO conversion while the 1:1 Airgas syngas and 1:1 wood syngas were not
significantly different but produced significantly worse CO conversion results than the
2:1 Airgas syngas. These data and the standard deviations of the values for each mix can
be seen below in Figure 3.3.
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Figure 3.3

CO Conversion Averages for each Syngas Mix

Liquid Results

Liquid was collected periodically throughout each test, and the graphs below
show the specifics of the data collected. A LSD comparison from the SAS software
showed that from the data, the 2:1 Airgas syngas mix produced the significantly highest
amount of gasoline and aqueous phase liquids while the 1:1 Airgas syngas and 1:1
gasifier syngas were not significantly different for each liquid product but produced a
significantly less amount of gasoline and aqueous phase liquids than the 2:1 Airgas
syngas. These data can be seen in Table E.6 and Table E.8 of Appendix E, and the
standard deviations of the values for each mix can be seen in Figure 3.4.
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Figure 3.4 shows that the aqueous phase of the liquid products for the 2:1 Airgas
syngas, 1:1 Airgas syngas and 1:1 wood syngas was 29.9  1.05, 10.4  0.35, and
7.8  2.2 mL, respectively. Figure 3.4 also shows the liquid hydrocarbon (organic phase)
production for the 2:1 Airgas syngas, 1:1 Airgas syngas and 1:1 wood syngas was
2.6  0.86, 1.1  0.10, and 0.1  0.16 mL, respectively. The greater the successful
production in liquid hydrocarbons, the greater the temperature deviation and the more
difficult it was to keep the temperature constant in the reactor.

Figure 3.4

Average Volume of Aqueous and Organic Phase Creation for each Syngas
Mix
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Figure 3.5

Volume Percentage of Organic Phase in Total Liquid Produced for each
Mix

Figure 3.5 shows the percentage of the amount of the organic phase that was in
the volume of the entire liquid for each syngas mix.
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Figure 3.6

Organic Phase Weight Percentage of Hydrocarbon Molecules Created

The 2:1 and 1:1 Airgas syngas tests each had 3 organic phase liquid samples to
test, but the wood syngas only produced 1 organic phase sample large enough to test
using GC-MS. The weight percentage of the hydrocarbon molecules can be seen in
Figure 3.6

Liquid Characterization

The organic phase of the liquid was classified using GC-MS. The result of each
set of tests is shown in Table 3.1. The 20 highest area results obtained from the GC-MS
for 2:1 Airgas syngas, 1:1 Airgas Syngas and 1:1 wood syngas organic phase products
can be seen in Figures 3.7, 3.8 and 3.9, respectively. These are only the proposed results
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because the molecule qualifications were based on a library file. Due to this fact, there
may be some error in the identification of some of these molecules.

Table 3.1

Liquid Characterization of Products in the Organic Phase of Liquid
Created in using Area Percentages of GC-MS

Type
Aromatic Hydrocarbons
Carboxylic Acids
cyclo-Alkanes
iso-Alkanes

2:1 Airgas Syngas
84.93 + 2.06
4.75 + 3.06
1.83 + 1.60
0.89 + 0.46

1:1 Airgas Syngas
81.41 + 4.31
8.35 + 2.22
-

1:1 Wood Syngas
79.04
15.16
-

Higher Alcohols

-

-

1.35
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Figure 3.7

Organic Phase Creation for Tests 1-3 of the 2:1 Airgas Syngas Mix
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Figure 3.8

Organic Phase Creation for Tests 1-3 of the 1:1 Airgas Syngas Mix
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Figure 3.9

Organic Phase Creation for Test 1 of the 1:1 Wood Syngas Mix

The molecule, 1,2-benzenedicarboxylic acid diisooctyl ester, was one of the larger
areas seen by the GC-MS that was not strictly a hydrocarbon molecule, and the creation
of this molecule may have been due to the fact that the GHSV was lower than used by
Liu et al. (2009). The retention time in the reactor was longer, and this molecule was
probably formed because there was more time for an alcohol to go through oxidation
reactions to form a carboxylic acid. This acid then could have come in contact with an
alcohol and go through Fisher Esterification to form the ester and water. Kim et al.
(2000) shows that the methane in the syngas could be the cause of the larger aromatic
compounds that were formed. They showed that the acid sites of a similar catalyst were
full of unsaturated aromatic carbocations corresponding to dehydrogenated naphthalene
or methyl-naphthalene.
The aqueous phase of the liquid was also classified using GC-MS. Figure 3.10
shows the GC-MS Results for the largest oxygenate molecules found in the aqueous
phase for all the Airgas syngas mixes
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Figure 3.10

GC-MS Results for Largest Oxygenate Components in Aqueous Phase for
all Syngas Mixes

A table of the oxygenate compounds found by GC-MS can be seen in Table F.1 of
Appendix F. All of the GC-MS results are subject to error having to do with the retention
time in the library files and noise of the GC-MS results. Elemental analysis showed that
the aqueous phase of each syngas mix contained mostly water with less than 0.14 %
carbon molecules (Table F.2 of Appendix F). The elemental analysis of the organic
phase of the 2:1 Airgas syngas mix is shown in Table F.3 of Appendix F and reveals
around 89 % of the liquid contained carbon molecules. Elemental analysis of the
hydrocarbons created via the other syngas mixes was not performed due to the small
amount of the organic phase created.
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Selectivity Results

Table 3.2 shows the data for carbon selectivity for each syngas mix, and Table 3.3
shows the data for hydrogen selectivity for each syngas mix using equation 3.3. The
hydrocarbon molecule’s molecular weight was averaged using the weight percentage of
each molecule. The average molecular weights to calculate the selectivity for the organic
phase were calculated to be 125.2, 128.8 and 139.2 g/mol for the 2:1 Airgas syngas, 1:1
Airgas syngas and 1:1 wood syngas respectively. The molecular weight of water (18
g/mol) was used in the calculations for the selectivity for the aqueous phase.
Table 3.2
CH4
CO2
C2H6
C3H8
C4H10
Gasoline
Carbon
Table 3.3
CH4
C2H6
C2H6
C3H8
Water
Gasoline

Carbon Selectivity for each Set of Tests
2:1 Airgas Syngas
23.94 + 2.86
28.69 + 5.17
18.25 + 2.20
3.74 + 0.96
3.12 + 0.33
0.015 + 0.007
0.05 + 0.02

1:1 Airgas Syngas
19.75 + 3.45
28.70 + 2.80
11.44 + 0.10
2.94 + 0.20
2.44 + 0.25
0.008 + 0.003
0

1:1 Wood Syngas
14.35 + 1.77
69.95 + 0.87
4.61 + 0.74
3.36 + 1.77
3.02 + 1.15
0.0007 + 0.0008
0

Hydrogen Selectivity for each Set of Tests
2:1 Airgas Syngas
21.86 + 6.3
13.91 + 1.69
2.46 + 0.51
2.06 + 0.14
0.87 + 0.08
0.01 + 0.004

1:1 Airgas Syngas
18.99 + 6.14
10.31 + 2.22
2.64 + 0.58
2.30 + 0.65
0.55 + 0.12
0.006 + 0.002

1:1 Wood Syngas
20.38 + 1.47
7.37 + 1.52
5.66 + 2.57
4.5 + 1.97
0.97 + 0.06
0.0003 + 0.0002

The graphs for the selectivity of carbon and hydrogen can be seen by Figures 3.11 and
Figures 3.12 respectively.
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Figure 3.11

Carbon Selectivity

Figure 3.12

Hydrogen Selectivity
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The selectivity results do not add up to 100 %, and the reason for this is that some
molecules may not have been measured. The GC column may have trapped certain
molecules so they could not get through. Olefins and C5 gas phase hydrocarbons were
probably in the off-gas (Liu et al. 2009; Svelle et al. 2006) but were not measured by this
particular column. There was some variability in the amount of syngas and/or wood used
in the mixes, and the LSD comparison of the amount of syngas (in liters) is shown in
Table E.10 in Appendix E. This raw data is shown in Appendix G, and the amount of
wood used in the 1:1 wood syngas is based on mean values of the gasifier using a flow
rate of 46 m3/h from Wei (2005). The mass balance percent error is shown in Appendix
H.

Conclusions

The 2:1 Airgas syngas produced more gasoline-range hydrocarbons than the other
two 1:1 syngas mixes used. The chemical reaction to larger amounts of liquid
hydrocarbons is carried out through the near stoichiometric values of 2 moles of
hydrogen to 1 mole of carbon monoxide. This syngas had the highest selectivity to
gasoline-range hydrocarbons for both H2 and CO. The 1:1 Airgas syngas produced the
second largest amount of liquid hydrocarbons while the 1:1 wood syngas produced the
least amount.
It is widely accepted that the composition of gasoline-range hydrocarbons consist
of hydrocarbons whose boiling point falls within 50 oC - 200 oC. This is consistent with
the major types of aromatic molecules produced in this study. Aromatic molecules are
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used as an octane booster which have increased effects on engine performance and have
been used as the main component in aviation and racing fuels. While gasoline standards
vary from country to country with differing component percentages, the main
components found in gasoline are a mixture of n-paraffins, iso-paraffins, cycloparaffins,
aromatics, olefins, as well as some oxygenates. The aromatics created in this study can
be blended with other molecules in gasoline to create high octane fuels. A GC-MS
comparison of the results of 3 different types of synthesis gas hydrocarbons compared
with 93 octane gasoline can be seen in Figures I.1 – I.3 of Appendix I. The data revealed
that the product formation included heavier types of hydrocarbons found in gasoline.
Ideally, if the 1:1 wood syngas was completely clean, the results should match
that of the 1:1 Airgas syngas. This shows that while the water scrubber used with the
wood syngas allowed for the production of liquid hydrocarbons, there were still some
contaminates retarding the conversion to gasoline-range hydrocarbons and this caused
more than twice the amount of CO2 selectivity as compared to both the clean 2:1 and 1:1
Airgas syngas mixes. One reason for the larger CO selectivity may be explained by a
study done by Yuan et al. (1999). They found that in the coke species in the presence of
oxygen on the Mo/HZSM-5 are easily oxidized into COx. Yuan et al. (1999) also found
that under certain conditions, the aromatization of methane and partial oxidation of
methane into syngas can both occur when a small amount of oxygen is present with the
reactants. Their results also showed that just using an addition of an O2 to CH4 ratio of
approximately 0.05, approximately 0.02 and approximately 0.05 for the temperatures of
700 oC, 750 oC, and 800 oC, respectively increased aromatic hydrocarbon yield at
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ambient pressure, but this ratio is significantly higher for the current study. The amount
of oxygen content in the syngas is to blame for the high carbon dioxide selectivity. The
calculations in this study did not take into account the modified ideal gas law equation
that deals with molecules under high pressure, so the exact molar amounts of molecules
may have some error but this would not significantly affect the results of the study.
The concentration of the reaction components determines the rate of the reaction
within the reactor, and this concentration is governed by the partial pressures within the
reactor of the main reactants H2 and CO to produce gasoline-range hydrocarbons. The
partial pressures of both these reactants were only around 250 psig, but an increase in
both these partial pressures will cause an increase in the rate of reaction and the amount
of products produced. Due to the fact that the rate of reaction will increase, the
exothermic properties of the reaction will increase as well and cause higher temperature
deviations than seen at the partial pressure used for these tests if the same type of
temperature control algorithm is used. An increase in the amount of catalyst and
residence time would also increase liquid production to a certain extent but improved
ways of controlling the temperature will need to be developed.
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CHAPTER IV
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The analysis for 3 different gas mixes of syngas over Mo/HZSM-5 has been
performed in this study. This study showed (1) the feasibility of using a larger reactor
and an increased amount of catalyst so that the temperature in a 0.75 inch inner diameter
reactor could be appropriately controlled to produce gasoline-range hydrocarbons, (2) the
wood syngas produced from the downdraft gasifier could be cleaned up well enough by
using only a water scrubber to produce gasoline-range hydrocarbons, but the amount of
hydrocarbons produced were less than the amount of hydrocarbons produced from clean
syngas of similar molar ratios, and (3) the ideal stoichiometric ratio had the highest
affinity for gasoline-range hydrocarbons and the amount of liquid produced. Based on
the results, the higher partial pressure and mole ratio of the 2:1 Airgas syngas produced
more gasoline-range hydrocarbons than the other two 1:1 syngas mixes used. The 1:1
Airgas syngas produced the second largest amount of liquid hydrocarbons while the 1:1
wood syngas produced the least amount. The amount of oxygen content in the wood
syngas was to blame for the higher carbon dioxide selectivity than in the other mixes.
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Recommendations

The analysis for 3 different syngas mixes of syngas over Mo/HZSM-5 were
performed in this study, but the small amount of hydrocarbons created for each case calls
for more research to be done to ascertain the variables needed to increase production for
industry. Due to the fact that molecule qualifications were based on a GC-MS library
file, an NMR study should be performed to confirm the presence of the chemical species
found by GC-MS. By using a larger reactor tube and more developed internal
temperature control algorithms (PID algorithms), the variables of temperature, gas hourly
space velocity and pressure could be modified to ascertain the values of these variables
for maximum gasoline-range hydrocarbon production. Particles such as silicon carbide
could be used inside the reactor to help achieve better heat transfer to help with
temperature equilibrium. Gamba et al. (2010) showed that to minimize by-pass and to
minimize back-mixing, equations 4.1 and 4.2 should be used, respectively.
ID
 25
Dp

(4.1)

Where ID is the inner diameter of the reactor tube and Dp is the diameter of the particle
used inside the reactor.
Hb
 100
Dp

(4.2)

Where Hb is the catalytic bed height and Dp is the diameter of the particle used inside the
reactor. To increase production, these two equations will need to be taken into
consideration when building a system to scale up production of gasoline-range
hydrocarbons. According to collision theory, the decrease in size of the catalyst particles
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will allow more interaction between the reactants and the catalyst, thereby increasing the
reaction rate. The catalyst used in this study had an irregular shape, and channels
probably formed in the reactor with flow differences developing across the catalyst bed.
This problem can be resolved by using evenly packed spherical shaped catalyst particles.
The production of gasoline-range hydrocarbons using this particular process was
uneconomical and the reasoning for this can be seen in Appendix G. To increase the
efficiency of the system and to increase the value of the process, a recycle loop will need
to be investigated. Future work also needs to be done on the cleaning of the gasifier
syngas. Ideally, the wood syngas should have behaved as the 1:1 Airgas syngas, but
there were still contaminates left within the syngas to cause the reactions to have a higher
selectivity for CO2 and less selectivity for gasoline-range hydrocarbons. Due to the fact
that small amounts of oxygen in the syngas cause a higher CO2 selectivity, the reduction
of O2 creation from the gasifier and compression equipment will need to be investigated.
A way to clear the O2 from the system could also be implemented as mentioned by
Badwal et al. (2003). The NOx in the gasifier syngas also needs to be removed so it does
not have the opportunity to be reduced over the catalyst to ammonia. Studies have shown
that this can be removed by catalytic conversions of platinum as well as other types of
zeolites on stream with ammonia (Salker et al. 2000; van Kooten et al. 2000).
Methods for cleaning the syngas for the Fischer-Tropsch process can be used for
this type of process because the same basic reactants of CO and H2 are needed for the
syngas to gasoline via alcohol intermediates. Boerrigter et al. (2005) shows three main
ways of achieving the cleanliness of the syngas desired. They include the circulating
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fluidized bed gasifier with the addition of a tar cracker, the entrained flow gasification of
pre-treated biomass, or using a circulating fluidized bed gasifier with the OLGA process
(an OLGA unit is made up a scrubber to wash the tars and contaminates from the gas and
a stripper to regenerate the washing liquid) and an added reformer.
The catalyst can be tweaked to increase methanol production by using potassium
carbonate (K2CO3) as a promoter to greatly increase the selectivity of the syngas to
alcohols (Youchang 1986). Table 3.1 shows that there were very few alcohols left in the
aqueous phase so there may not be enough alcohol creation to cause the greatest amount
of liquid hydrocarbons to form. The more alcohols produced, the more opportunity for
hydrocarbons to form via dehydrogenation, olefins and carbenium ions.
A high selectivity of methane was shown to be produced from the system, and
there are catalysts to transform methane into higher hydrocarbons using Ag/HZSM-5 in
the presence of ethylene (Kusmiyati 2005). Ha et al. (2002) claims that the catalyst
Mo/MCM-22 is twice as active in the aromatization of methane as Mo/ZSM-5. The
investigation of this type of catalyst to the system would be beneficial to produce
hydrocarbons from the methane off-gas that is formed in the Mo/HZSM-5 syngas to
gasoline reaction.
One main obstacle for the Mo/HZSM-5 catalyst is the CO2 production from
syngas to gasoline via the intermediate reactions. One effective use for CO2 may be to
convert it into methanol using a copper catalyst (Arakawa et al. 1992). Arakawa et al.
(1992) produced methanol at a 79% selectivity with a 20% yield and 25% CO2
conversion over a CuO-ZnO-Al2O3-Cr2O3 catalyst using specifications of 1015 psi, 250
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o

C, a GHSV of 1800 h-1 and a H2 to CO2 ratio of 3/1. The methanol produced from a

catalyst such as this could be introduced back into the system to react with the HZSM-5
catalyst to form gasoline-range hydrocarbons as Gujar et al. (2009) have recently proven.
This system has the ability to be altered, and with the addition of other types of
technologies with strict temperature control, the production of low-cost, highly valued
products including specific types of aromatic gasoline-range hydrocarbons can be created
by using the Mo/HZSM-5 catalyst in tandem with gasified biomass syngas.

85

REFERENCES

Arakawa, H., J. Dubois, and K. Sayama. 1992. Selective Conversion of CO2 to Methanol
by Catalytic Hydrogenation over Promoted Copper Catalyst. Energy
Conservation Management 33(5-8):521-528.
Badwal, S.P.S., F.T. Ciacchi, V. Zelizko and K. Giampietro. 2003. Oxygen Removal and
Level Control with Zirconia - Yttria Membrane Cells. Ionics 9(5-6):315-320.
Bao, J., Y. Fu, and G. Bian. 2008. Sol–gel Preparation of K–Co–Mo Catalyst and its
Application in Mixed Alcohol Synthesis from CO Hydrogenation. Catalysis
Letters 121(1-2):151-157.
Bhatia, S. 1990. Zeolite catalysis: principles and applications. CRC Press, Inc., Boca
Raton, FL.
Bian, G., L. Fan, Y. Fu, and K. Fujimoto. 1998. Mixed Alcohol Synthesis from Syngas
on Sulfided K−Mo-Based Catalysts: Influence of Support Acidity. Industrial and
Engineering Chemistry Research 37(5):1736-1743.
Bloch, D. R. 2006. Organic Chemistry Demystified. McGraw-Hill Companies, Inc., New
York, NY.
Boerrigter H., S.V.B. van Paasen, P.C.A. Bergman, J.W. Könemann, R. Emmen, and
Wijnands A. 2005. “OLGA” Tar Removal Technology, ECN Biomass, Coal and
Environmental Research. www.ecn.nl,
http://www.senternovem.nl/mmfiles/Olga_Tar_Removal_Technology_tcm24222829.pdf), Report Number ECN-C--05-009. Accessed on 8/28/10.
Dejaifve, P., J. C. Védrine, V. Bolis, and E. G. Derouane. 1980. Reaction pathways for
the conversion of methanol and olefins on H-ZSM-5 zeolite. Journal of Catalysis
63(2):331-345.
Dessau, R. M., and R. B. LaPierre. 1982. On the mechanism of methanol conversion to
hydrocarbons over HZSM-5. Journal of Catalysis 78(1):136-141.
Dry, M. E. 2002. The Fischer-Tropsch process: 1950-200. Catalysis Today 71(3-4):227241.
86

Dybkjaer, I., and T. S. Christensen. 2001. Syngas for large scale conversion of natural
gas to liquid fuels. Studies in Surface Science and Catalysis 136:435-440.
Efstathiou, A. M., C. N. Costa, J. Garcia Fierro. 2006. Catalyst for the reduction of NO to
N2 with hydrogen under NOx oxidation condition. United States Patent 7105137.
http://www.freepatentsonline.com/7105137.html. Accessed on 9/14/2010.
Energy Information Administration. 2008. World Energy Overview: 1996-2006. U.S.
Energy and Information Administration. Washington, D.C. Web.
http://www.eia.doe.gov/emeu/iea/overview.html. Accessed on 9/14/2010.
Energy Information Administration. 2010. U.S. Product Supplied of Finished Petroleum
Products. U.S. Energy and Information Administration. Washington, D.C.
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&s=mtpupus1&f=a.
Accessed on 9/14/2010.
Erena, J., J. M. Arandes, J. Bilbao, M. Olazar, and H. Lasa. 1998. Effect of the operating
conditions on the conversion of syngas into liquid hydrocarbons over a Cr2O3ZnO/ZSM5 bifunctional catalyst. Journal of Chemical Technology and
Biotechnology 72(2):190-196.
Essayem, N., R. Frety, G. Coudurier and J. C. Vedrine. 1997. Ammonia adsorption–
desorption over the strong solid acid catalyst H3PW12O40 and its Cs+ and NH4
salts Comparison with sulfated zirconia. Journal of the Chemical Society,
Faraday Transactions 93(17): 3243-3248.
Fraenkel, D., and B. C. Gates. 1980. Shape-selective Fischer-Tropsch synthesis catalyzed
by zeolite-entrapped cobalt clusters. Journal of the American Chemical Society
102(7):2478-2480.
Gamba, S., L. A. Pellegrini, V. Calemma, C. Gambaro. 2010. Liquid fuels from FischerTropsch wax hydrocracking: Isomer distribution. Catalysis Today In Press DOI:
10.1016/j.cattod.2010.01.009.
Garcia, L., G. Giannetto, M. R. Goldwasser, M. Guisnet, and P. Magnoux. 1996. Phenol
alkylation with methanol: effect of sodium content and ammonia selective
poisoning of an HY zeolite. Catalysis Letters 37(1-2):121-123.
Gary, J. H., and G. E. Handwerk. 2001. Petroleum refining: technology and economics
4th edition. Marcel Dekker, Inc., New York, NY.
Gates, B. C. 2004. Advances in Catalysis, Volume 48. Elsevier Inc. The Netherlands.

87

Guettel, R., T. Turek. 2009. Comparison of different reactor types for low temperature
Fischer-Tropsch synthesis: A simulation study. Chemical Engineering Science
64(5): 955-964.
Gujar, A. C., V. K. Guda, M. Nolan, Q. Yan, H. Toghiani and M. G. White. 2009.
Reactions of methanol and higher alcohols over H-ZSM-5. Applied Catalysis A:
General 363(1-2):115-121.
Ha, V T. T., L. V. Tiep, P. Meriaudeau, and C. Naccache. 2002. Aromatization of
methane over zeolite supported molybdenum: active sites and reaction
mechanism. Journal of Molecular Catalysis A: Chemical 181(1-2):283-290.
Haw, J., and D. Marcus. 2005. Well-defined (supra)molecular structures in zeolite MTO
catalysis. Topics In Catalysis 34(1-4):41-48.
Henriquez, C. 2009. Advanced Catalysis and Organometallic Chemistry.
http://web.unicam.it/discichi/ACAOC/lectures/Henriquez1.pdf. Accessed on
10/30/10.
Jones, D. S., and P. R. Pujadó. 2006. Handbook of Petroleum Processing. Springer, The
Netherlands.
Kim, Y., R. W. Borry III, and E. Iglesia. 2000. Catalytic Properties of Mo/HZSM-5 for
CH4 Aromatization. Journal of Industrial and Engineering Chemistry 6(2):72-78.
Knifton, J. F., J. R. Sanderson and P. E. Dai.1994. Olefin Oligomerization via Zeolite
Catalysis. Catalysis Letters 28(2-4):223-230.
Koh, D. J., J. S. Chung, and Y. G. Kim.1995. Selective Synthesis and Chain Growth of
Linear Hydrocarbons in the Fischer-Tropsch Synthesis over Zeolite-Entrapped
Cobalt Catalysts. Industrial and Engineering Chemistry Research 34(6):19691975.
Kursanov, D. N. 1985. Ionic hydrogenation and related reactions. Harwood Academic
Publishers, New York, NY.
Kusmiyati, Nor Aishah Saidina Amin. 2005. Production of gasoline range hydrocarbons
from catalytic reaction of methane in the presence of ethylene over W/HZSM-5.
Catalysis Today 106(1-4):271-274.
Lee, T. J., and B. C. Gates. 1992. Rhodium in basic zeolite Y: A stable, selective catalyst
for CO hydrogenation. Journal of Molecular Catalysis 71(3):335-346.

88

Li, Z., Y. Fu, and M. Jiang. 1999. Structures and performance of Rh–Mo–
K/Al2O3 catalysts used for mixed alcohol synthesis from synthesis gas. Applied
Catalysis A: General 187(2):187-198.
Liu, S., A.C. Gujar, P. Thomas, H. Toghiani, and M.G. White. 2009. Synthesis of
gasoline-range hydrocarbons over Mo/HZSM-5 catalysts. Applied Catalysis A:
General 357(1):18-25.
LPMEOH™ Process.
http://www.netl.doe.gov/technologies/coalpower/gasification/gasifipedia/5support/5-13_meoh-synthesis.html. Accessed on 10/30/2010.
Mysov, V.M., S.I. Reshetnikov, V.G. Stepanov, K.G. Ione. 2005. Synthesis gas
conversion into hydrocarbons (gasoline range) over bifunctional zeolitecontaining catalyst: experimental study and mathematical modelling. Chemical
Engineering Journal 107(1-3): 63-71.
Perry, R. H. and D. W. Green. 1997. Perry's Chemical Engineers' Handbook 7th edition.
McGraw-Hill Professional, New York, NY.
Popescu, V., C. Oprea, S. Birghila. 2006. Chemical Modified Zeolythes. Romanian
Journal of Physics 51(1-2): 293-298.
Rhodes, M. J. 2008. Introduction to Particle Technology. John Wiley & Sons Ltd., West
Sussex, England.
Salker A. V. and W. Weisweiler. 2000. Catalytic behaviour of metal based ZSM-5
catalysts for NOx reduction with NH3 in dry and humid conditions. Applied
Catalysis A: General 203(2):221-229.
SAS. 2003. SAS Institute Inc., Cary, NC, USA.
Scherb, Jean. 2010. Scherb, Jean. The Fischer-Tropsch (FT) Process.
http://knol.google.com/k/the-fischer-tropsch-ft-process#. Accessed on 10/30/10.
Sivasanker, S. Catalysis over solid acids and bases. http://203.199.213.48/1116/1/IIT06acid-base_catal.ppt. Accessed on 10/30/10.
Svelle S., F. Joensen, J. Nerlov, U. Olsbye, K. P. Lillerud, S. Kolboe, and M. Bjørgen.
2006. Conversion of methanol into hydrocarbons over zeolite H-ZSM-5: ethene
formation is mechanistically separated from the formation of higher alkenes.
Journal of the American Chemical Society 128(46):14770-14771.
Sloss, L. L. 1992. Nitrogen Oxides Control Technology Fact Book. Noyes Data Corp.,
Park Ridge, NJ.
89

Spath, P. L., and D. C. Dayton. 2003. Preliminary Screening - Technical and Economic
Assessment of Synthesis Gas to Fuels and Chemicals with Emphasis on the
Potential for Biomass-Derived Syngas. National Renewable Energy Laboratory.
NREL/TP-510-34929.
Thomas, J. M., and W. J. Thomas. 1996. Principles and Practice of Heterogeneous
Catalysis. Wiley-VCH, Weinheim, Germany.
Turton, R., R. C. Bailie, W. B. Whiting, J. A. Shaeiwitz. 2009. Analysis, Synthesis, and
Design of Chemical Processes 3rd ed. Prentice Hall, Upper Saddle River, N.J.
van Kooten, W. E. J., H.C. Krijnsen, C. M. van den Bleek and H. P. A. Calis. 2000.
Deactivation of zeolite catalyst used for NOx removal 25(2-3):125-135.
Walas, S. M. 1990. Chemical Process Equipment Selection and Design. ButterworthHeinemann, Newton, MA.
Wei, L. 2005. Experimental Study on the Effects of Operational Parameters of a
Downdraft Gasifier. Master’s Thesis, Department of Agricultural and Biological
Engineering. Mississippi State University, MS.
Wender, I. 1996. Reactions of Synthesis Gas. Fuel Processing Technology 48(3):189297.
Woo, H. C., K. Y. Park, Y. G. Kim, I. S. Nam, J. S. Chung, and J. S. Lee. 1991. Mixed
alcohol synthesis from carbon monoxide and dihydrogen over potassiumpromoted molybdenum carbide catalysts. Applied Catalysis 75(1):267-280.
Xiang M., D. Li, H. Qi, W. Li, B. Zhong, and Y. Sun. 2007. Mixed alcohols synthesis
from carbon monoxide hydrogenation over potassium promoted β -Mo2C
catalysts. Fuel 86(9):1298-1303.
Xiang M., D. Li, H. Xiao, J. Zhang, H. Qi, W. Li, B. Zhong, and Y. Sun. 2008. Synthesis
of higher alcohols from syngas over Fischer-Tropsch elements modified K/ β Mo2C catalysts. Fuel 87(4-5):599-603.
Youchang, X., B.N. Naasz, and G.A. Somorjai. 1986. Alcohol synthesis from CO and H2
over molybdenum sulfide. The effect of pressure and promotion by potassium
carbonate. Applied Catalysis 27(2):233-241.
Yuan, S., J. Li, Z. Hao, Z. Feng, Q. Xin, P. Ying and C. Li. 1999. The effect of oxygen
on the aromatization of methane over the Mo/HZSM-5 catalyst. Catalysis Letters
63(1):73-77.
90

Zhang, S., B. Zang, G. Zhixian, and H. Yizhuo. 2010. Methanol to Olefin over CaModified HZSM-5 Zeolites. Industrial & Engineering Chemistry Research
49(5):2103–2106.

91

APPENDIX A
CATALYST METAL AND ACIDITY SPECIFICATIONS
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Table A.1

The chemisorption of different gases on metals (Henriquez 2009)

METAL
Ti, Zr, V, Cr, Mo,
W, Fe, Ru
Ni, Co

O2
+

C2H2
+

C2H4
+

+

+

+

Rh, Pd, Pt, Ir

+

+

Mn, Cu

+

Al, Au
Li, Na, K

GAS
CO
+

H2
+

CO2
+

N2
+

+

+

+

–

+

+

+

–

–

+

+

+

+

–

–

+

+

+

+

–

–

–

+

+

–

–

–

–

–

Mg, Ag, Zn, In, Si,
+
–
–
–
–
Sn, Pb, Bi
+ strong chemisorption, + weak chemisorption, – no chemisorption

–

–

Molybdenum has strong chemisorption for the reactants used in this study and this
particular metal was used because literature reveals (Xiang et al. 2007; Xiang et al. 2008;
Liu et al. 2009) that molybdenum carbides and oxides will produce the alcohols needed
to produce aromatic gasoline-range hydrocarbons.
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Figure A.1

Different acidity strengths (i.e. Si/Al ratios) used for diverse types of
reactions (Sivasanker)

The results from Liu et al. (2009) showed that liquid hydrocarbon product formation
varied by based on the metal/support ratio and the acidity of the catalyst. The variables
used for the catalyst in this study were among those mentioned by Liu et al. (2009) to
produce the utmost amount of aromatic gasoline-range hydrocarbons.
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RESULTS FROM LIU ET AL. (2009)
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Table B.1

Catalytic performance of Mo/zeolite catalysts for FT synthesis at 623 K,
500 psig and 573 K, 1000 psig (H2/CO = 1.0) (Liu et al. 2009)

Catalyst

5% Mo/HZSM-5

SiO2/Al2O3

23
50
80
280

T (K)

P (psig)

CO conversion
(%)

Products Distribution
C1-3

Liquid
Products

573

1000

10.5

0.26

0.05

623

500

47.5

0.87

-

573

1000

15.2

0.49

0.52

623

500

31.8

0.68

0.25

573

1000

32.4

0.43

0.18

623

500

51.2

0.73

0.01

573

1000

20.6

0.38

0.16

623

500

44.6

0.59

0.03

10% Mo/HZSM-5

23

573

500

15.8

0.53

0.27

5% Mo/zeolite-Y

80

573

1000

13.9

0.79

0.80

5% Mo/zeolite-β

25

573

1000

13.5

0.64

-

623

500

39.1

0.63

-

Product distribution based on carbon basis and 1 mol of CO2 formation
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Figure B.1

Product distributions in the oil phase from FTS over different catalysts
(Liu et al. 2009)
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APPENDIX C
INDUSTRIAL REACTOR DESIGNS AND CONFIGURATIONS
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Table C.1

Designs and Configurations of Industrial Reactors (Spath 2003)

Company

Type of
Design and Heat Control
Reactor(s)
Lurgi
Shell and Tube Tubes contain catalyst while varied pressure
of boiling water in the shell of reactor
controls temperature distribution.
Imperial Chemical Low Pressure
Catalyst contained in single bed separated by
Industries (ICI)
Quench
plates. Fresh and recycled syngas removes
Converter
the heat from the reaction and controls
temperature.
Multiple fixed bed reactors are used and each
Halliburton
Spherical
reactor is separated by a heat exchanger.
shaped
multiple
reactors
At the top of the reactor, the first pass through
Haldor-Topsoe
Collect, Mix,
gas is mixed with quench gas and distributed
Distribute
evenly so that it flows radially down through
Converter
the second catalyst bed. The syngas inlet at
the bottom of the reactor provides fresh
syngas that flows radially up through the first
catalyst bed
Toyo Engineering Multistage
Bayonet boiler tubes are used for cooling and
these tubes divide the catalyst into concentric
Corporation
Radial Flow
beds.
Methanol
Converter
Mitsubishi Gas
MGC/MHI
Double-walled tubes are filled with catalyst in
Chemical with
Superconverter the ring-shaped space between the inner and
Mitsubishi Heavy
(Uses double- outer tubes. The feed syngas is heated as it
Industry
walled tubes)
inters the inner tube and then flows through
the ring-shaped space. The heat is removed
from the catalyst by boiling water
surrounding the outer tube and the syngas as
it is fed into the reactor.
ChemSystems, Inc. LiquidThe three-phase slurry reactor uses a catalyst
with Air Products
entrained
circulated in a mineral oil for better
and Chemicals,
Catalytic
temperature control.
Inc.
Reactor
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Figure C.1

LPMEOH™ Bubble Slurry Reactor (LPMEOH™ Process)

The LPMEOH™ bubble slurry reactor uses an inert mineral oil with powdered catalyst
slurry as the reaction medium and heat sink which keeps isothermal conditions
throughout the reactor. The feed gas is bubbled through the slurry which forms
methanol. The mineral oil transfers the heat of the reaction to a boiler where the heat is
removed (LPMEOH™ Process).
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Figure C.2

Sasol Synthol Reactor - circulating fluidized bed reactor (Scherb 2010)

This reactor was developed in the 1950s and has a capacity of 7500 barrels of
hydrocarbons a day through the Fischer-Tropsch reaction. The reactor continually uses a
powdered catalyst which is circulated continuously. The temperature is controlled by
water cooling systems. One disadvantage to this type of reactor is the erosion of the
walls of the reactor due to the flow of the solid catalyst particles (Scherb 2010).
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Figure C.3

The Sasol Advance Synthol Reactor - fixed fluidized bed reactor
(Scherb 2010)

This reactor uses a fluid mixture of catalyst contained at the bottom. The syngas enters
through the bottom of thee reactor and the vapor products exit through the top. This
reactor has a capacity of 20,000 barrels a day with no problems of wall erosion within the
reactor (Scherb 2010).
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Figure C.4.

The Sasol Tubular Fixed Bed Reactor (Scherb 2010)

This reactor is a similar reactor used by Shell in Bintulu, Malaysia for gas to liquid
production. The reactor is made using metallic tubes 3-5 cm in diameter. The syngas
circulates from the top to the bottom and the Fischer-Tropsch reaction takes place. Water
is circulated between the small tubes to control the temperature within the reactor. Two
major disadvantages of using this type of reactor are that replacing the catalyst is not easy
and temperature control is extremely difficult (Scherb 2010).
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Figure C.5.

The Slurry Bubble Reactor (Scherb 2010)

The reactor is used by many companies and is made of a liquid mixture of hydrocarbons
and catalyst. The syngas enters the reactor from the bottom and circulates through the
slurry to form bubbles which go through several reactions. The products form and exit
through the top of the reactor. Pressure and temperature are easily controlled in this type
of reactor and the catalyst is easy to replace. This type of reactor produces around 17000
barrels a day of hydrocarbons using the Fischer-Tropsch reaction (Scherb 2010).
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Figure C.6.

Multiple Reactor Configurations (Guettel 2009)

The multiple reactor configurations are shown in Figure C.6 that include the (a) fixed-bed
trickle flow reactor, (b) slurry bubble column reactor, (c) monolith loop in slug flow
reactor, and (d) the micro-structure film flow reactor (Guettel 2009).
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RAW DATA VALUES OF CO CONVERSION
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Table D.1

Raw Data Values of CO Conversion of each Syngas Test using the 2:1
Airgas Syngas Mix

Hour
Test 1
Test 2
Test 3
2
17.26*
8.54
12.31
3
18.22
11.58
16.38
4
16.03
11.71
18.24
5
19.10
13.06*
17.66
6
17.26*
15.25
15.66
7
17.26*
13.06*
14.96
8
17.23
17.13
14.8
9
15.34
13.06*
13.81
10
17.63
14.15
15.4775*
*Denotes the Use of Mean Imputation due to Hydrocarbon Overload of the GC device
Table D.2

Raw Data Values of CO Conversion of each Syngas Test using the 1:1
Airgas Syngas Mix

Hour
Test 1
Test 2
Test 3
2
10.02
9.72*
9.62
3
10.34
9.36
11.24
4
12.38
9.11
10.68*
5
10.80*
9.72*
10.68*
6
10.80*
9.72*
9.08
7
10.78
10.25
12.80
8
11.12
10.34
10.68*
9
9.86
9.36
10.68*
10
11.11
9.89
10.68*
*Denotes the Use of Mean Imputation due to Hydrocarbon Overload of the GC device
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Table D.3

Hour
2
3
4
5
6
7
8
9
10

Raw Data Values of CO Conversion of each Syngas Test using the 1:1
Wood Syngas Mix
Test 1
15.16
16.52
17.41
16.92
15.39
13.46
12.23
12.56
12.13

Test 2
5.77
6.31
7.46
7.58
7.74
7.37
7.57
7.85
6.88

108

Test 3
6.52
8.40
8.65
10.58
10.82
10.83
10.88
8.67
10.04

APPENDIX E
STATISTICAL ANALYSIS
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Table E.1

SAS Program and Data Input for Analyzing Differences in CO Conversion
Rates Grouped by the Hour

OPTIONS PS=55 LS=90 NODATE;
DATA GAS;
INFILE 'C:\conv3.dat';
INPUT MIX TEST $ HOUR PERCENT;
RUN;
PROC PRINT;
RUN;
PROC MEANS SUM MEAN MAXDEC=3 FW=12;
VAR PERCENT;
CLASS MIX TEST HOUR;
TYPES MIX*TEST MIX TEST*HOUR TEST HOUR;
RUN;
PROC GLM;
CLASS MIX TEST HOUR;
MODEL PERCENT = MIX TEST TEST*MIX HOUR TEST*HOUR;
TEST H = MIX TEST E = TEST*MIX;
CONTRAST 'HOUR-L' HOUR -1 0 1;
CONTRAST 'HOUR-Q' HOUR 1 -2 1;
CONTRAST 'BH VS BW' TEST -1 0 1/E = MIX*TEST;
CONTRAST 'BH AND BW VS BS' TEST -1 2 -1/E = MIX*TEST;
MEANS TEST/LSD LINES E = MIX*TEST;
MEANS HOUR/LSD LINES;
RUN;
conv3.dat:
2.1 T1 2 17.25731323
2.1 T1 3 18.21548822
2.1 T1 4 16.03401154
2.1 T1 5 19.09975669
2.1 T1 6 17.25731323
2.1 T1 7 17.25731323
2.1 T1 8 17.22612958
2.1 T1 9 15.33929809
2.1 T1 10 17.62919525
2.1 T2 2 8.541752084
2.1 T2 3 11.57880095
2.1 T2 4 11.70736723
2.1 T2 5 13.0594694
2.1 T2 6 15.2518315
2.1 T2 7 13.0594694
2.1 T2 8 17.1306589
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2.1 T2 9 13.0594694
2.1 T2 10 14.14640573
2.1 T3 2 12.31
2.1 T3 3 16.38
2.1 T3 4 18.24
2.1 T3 5 17.66
2.1 T3 6 15.66
2.1 T3 7 14.96
2.1 T3 8 14.8
2.1 T3 9 13.81
2.1 T3 10 15.4775
1.1 T1 2 10.02489361
1.1 T1 3 10.33845009
1.1 T1 4 12.38236381
1.1 T1 5 10.80399882
1.1 T1 6 10.80399882
1.1 T1 7 10.78431373
1.1 T1 8 11.12457633
1.1 T1 9 9.864154419
1.1 T1 10 11.10923976
1.1 T2 2 9.718270194
1.1 T2 3 9.360964164
1.1 T2 4 9.109251166
1.1 T2 5 9.718270194
1.1 T2 6 9.718270194
1.1 T2 7 10.25444352
1.1 T2 8 10.33562119
1.1 T2 9 9.361631605
1.1 T2 10 9.88770953
1.1 T3 2 9.623443016
1.1 T3 3 11.23594626
1.1 T3 4 10.68364267
1.1 T3 5 10.68364267
1.1 T3 6 9.077443047
1.1 T3 7 12.79773836
1.1 T3 8 10.68364267
1.1 T3 9 10.68364267
1.1 T3 10 10.68364267
3 T1 2 15.15593406
3 T1 3 16.52373764
3 T1 4 17.40867726
3 T1 5 16.92478902
3 T1 6 15.39258996
3 T1 7 13.46198468
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3 T1 8 12.22598184
3 T1 9 12.56410939
3 T1 10 12.13339048
3 T2 2 5.774189082
3 T2 3 6.307316432
3 T2 4 7.461738138
3 T2 5 7.57636079
3 T2 6 7.741340172
3 T2 7 7.37271708
3 T2 8 7.56899609
3 T2 9 7.84758858
3 T2 10 6.882379118
3 T3 2 6.522169345
3 T3 3 8.402664512
3 T3 4 8.652352119
3 T3 5 10.58392182
3 T3 6 10.81931072
3 T3 7 10.83361441
3 T3 8 10.87566507
3 T3 9 8.674856554
3 T3 10 10.04006381
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Table E.2

LSD Results for Differences in CO Conversion Rates Grouped by Hour
The SAS System
The GLM Procedure
t Tests (LSD) for PERCENT CO CONVERSION

NOTE: This test controls the Type I comparisonwise error rate, not the experimentwise
error rate.
Alpha
0.05
Error Degrees of Freedom
48
Error Mean Square
1.639518
Critical Value of t
2.01063
Least Significant Difference 1.2136
Means with the same letter are not significantly different.
t Grouping
A
A
B
B
B
B
B
B
B
B
B
B
B
B
B
C
C

Mean

N

HOUR

12.9011

9

5

12.4413

9

8

12.4136

9

6

12.4088

9

4

12.2091

9

7

A
A
A
A
A
A
A
A
A
A
A

12.0382

9

3

11.9988

9

10

C

11.2450

9

9

10.5476

9

2
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Table E.3

SAS Program and Data Input for Analyzing Differences in CO Conversion
Rates Grouped by the Syngas Mixes of 2:1 Airgas Syngas, 1:1 Gasifier
Syngas and 1:1 Airgas Syngas

OPTIONS PS=55 LS=90 NODATE;
DATA CONV;
INFILE 'C:\COcomp.dat';
INPUT MIX $ HOUR CONV;
RUN;
PROC MEANS SUM MEAN FW=12 MAXDEC=4;
VAR CONV;
CLASS MIX;
RUN;
PROC MEANS SUM MEAN CSS VAR FW=12 MAXDEC=4;
VAR CONV;
CLASS MIX HOUR;
RUN;
PROC GLM;
CLASS MIX HOUR;
MODEL CONV = MIX HOUR(MIX);
TEST H = MIX E = HOUR(MIX);
MEANS MIX/LSD E = HOUR(MIX) LINES;
RUN;
COcomp.dat:
2.1 2 17.25731323
2.1 3 18.21548822
2.1 4 16.03401154
2.1 5 19.09975669
2.1 6 17.25731323
2.1 7 17.25731323
2.1 8 17.22612958
2.1 9 15.33929809
2.1 10 17.62919525
2.1 2 8.541752084
2.1 3 11.57880095
2.1 4 11.70736723
2.1 5 13.0594694
2.1 6 15.2518315
2.1 7 13.0594694
2.1 8 17.1306589
2.1 9 13.0594694
2.1 10 14.14640573
2.1 2 12.31
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2.1 3 16.38
2.1 4 18.24
2.1 5 17.66
2.1 6 15.66
2.1 7 14.96
2.1 8 14.8
2.1 9 13.81
2.1 10 15.4775
1.1 2 10.02489361
1.1 3 10.33845009
1.1 4 12.38236381
1.1 5 10.80399882
1.1 6 10.80399882
1.1 7 10.78431373
1.1 8 11.12457633
1.1 9 9.864154419
1.1 10 11.10923976
1.1 2 9.718270194
1.1 3 9.360964164
1.1 4 9.109251166
1.1 5 9.718270194
1.1 6 9.718270194
1.1 7 10.25444352
1.1 8 10.33562119
1.1 9 9.361631605
1.1 10 9.88770953
1.1 2 9.623443016
1.1 3 11.23594626
1.1 4 10.68364267
1.1 5 10.68364267
1.1 6 9.077443047
1.1 7 12.79773836
1.1 8 10.68364267
1.1 9 10.68364267
1.1 10 10.68364267
3 2 15.15593406
3 3 16.52373764
3 4 17.40867726
3 5 16.92478902
3 6 15.39258996
3 7 13.46198468
3 8 12.22598184
3 9 12.56410939
3 10 12.13339048
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3 2 5.774189082
3 3 6.307316432
3 4 7.461738138
3 5 7.57636079
3 6 7.741340172
3 7 7.37271708
3 8 7.56899609
3 9 7.84758858
3 10 6.882379118
3 2 6.522169345
3 3 8.402664512
3 4 8.652352119
3 5 10.58392182
3 6 10.81931072
3 7 10.83361441
3 8 10.87566507
3 9 8.674856554
3 10 10.04006381

116

Table E.4

LSD Results for Differences in CO Conversion Rates Grouped by the
Syngas Mixes of 2:1 Airgas Syngas, 1:1 Gasifier Syngas and 1:1 Airgas
Syngas
The SAS System
The GLM Procedure
t Tests (LSD) for PERCENT CO CONVERSION

NOTE: This test controls the Type I comparisonwise error rate, not the experimentwise
error rate.
Alpha
0.05
Error Degrees of Freedom
24
Error Mean Square
2.443135
Critical Value of t
2.06390
Least Significant Difference 0.878
Means with the same letter are not significantly different.
t Grouping

Mean

N

A

15.2648

27

2.1 (2:1 Airgas syngas)

B
B
B

10.4344

27

3 (1:1 Gasifier syngas)

10.4020

27

1.1 (1:1 Airgas syngas)
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Table E.5

SAS Program and Data Input for Analyzing Differences in Organic Phase
Liquid Production by the Syngas Mixes of 2:1 Airgas Syngas, 1:1 Gasifier
Syngas and 1:1 Airgas Syngas.

OPTIONS PS=60 LS=85 NODATE;
DATA N;
INFILE 'C:\organic.dat';
INPUT MIX $ ORGANIC;
RUN;
PROC MEANS SUM MEAN CSS VAR;
VAR ORGANIC;
BY MIX;
RUN;
PROC MEANS SUM MEAN CSS STD;
CLASS MIX;
VAR ORGANIC;
RUN;
PROC GLM;
CLASS MIX;
MODEL ORGANIC = MIX;
MEANS MIX/LSD LINES;
RUN;
organic.dat:
2:1 2.5
2:1 3.5
2:1 1.8
1:1 1.2
1:1 1.00
1:1 1.1
3 0.3
3 0.025
3 0.01
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Table E.6

LSD Results for Differences in Organic Phase Liquid Production by the
Syngas Mixes of 2:1 Airgas Syngas, 1:1 Gasifier Syngas and 1:1 Airgas
Syngas.
The SAS System
The GLM Procedure
t Tests (LSD) for ORGANIC PHASE

NOTE: This test controls the Type I comparisonwise error rate, not the experimentwise
error rate.
Alpha
0.05
Error Degrees of Freedom
6
Error Mean Square
0.255553
Critical Value of t
2.44691
Least Significant Difference 1.01
Means with the same letter are not significantly different.
t Grouping

Mean

N

A

2.6000

3

2.1 (2:1 Airgas Syngas)

B
B
B

1.1000

3

1.1 (1:1 Airgas Syngas)

0.1117

3

3 (1:1 Gasifier Syngas)
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Table E.7

SAS Program and Data Input for Analyzing Differences in Aqueous Phase
Liquid Production by the Syngas Mixes of 2:1 Airgas Syngas, 1:1 Gasifier
Syngas and 1:1 Airgas Syngas

OPTIONS PS=60 LS=85 NODATE;
DATA N;
INFILE 'C:\aqueous.dat';
INPUT MIX $ AQUEOUS;
RUN;
PROC MEANS SUM MEAN CSS VAR;
VAR AQUEOUS;
BY MIX;
RUN;
PROC MEANS SUM MEAN CSS STD;
CLASS MIX;
VAR AQUEOUS;
RUN;
PROC GLM;
CLASS MIX;
MODEL AQUEOUS = MIX;
MEANS MIX/LSD LINES;
RUN;
aqueous.dat:
2:1 31.0
2:1 28.9
2:1 29.8
1:1 10.7
1:1 10.05
1:1 10.4
3 5.3
3 9.3
3 8.9
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Table E.8

LSD Results for Differences in Aqueous Phase Liquid Production by the
Syngas Mixes of 2:1 Airgas Syngas, 1:1 Gasifier Syngas and 1:1 Airgas
Syngas.
The SAS System
The GLM Procedure
t Tests (LSD) for AQUEOUS

NOTE: This test controls the Type I comparisonwise error rate, not the experimentwise
error rate.
Alpha
0.05
Error Degrees of Freedom
6
Error Mean Square
2.023056
Critical Value of t
2.44691
Least Significant Difference 2.8417
Means with the same letter are not significantly different.
t Grouping

Mean

N

A

29.900

3

2.1 (2:1 Airgas Syngas)

B
B
B

10.383

3

1.1 (1:1 Airgas Syngas)

7.833

3

3
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(1:1 Gasifier Syngas)

Table E.9

SAS Program and Data Input for Analyzing Differences in Amount of
Syngas Input into the System by the Syngas Mixes of 2:1 Airgas Syngas,
1:1 Gasifier Syngas and 1:1 Airgas Syngas

OPTIONS PS=60 LS=85 NODATE;
DATA N;
INFILE 'C:\Amount.dat';
INPUT MIX $ AMOUNT;
RUN;
PROC MEANS SUM MEAN CSS VAR;
VAR AMOUNT;
BY MIX;
RUN;
PROC MEANS SUM MEAN CSS STD;
CLASS MIX;
VAR AMOUNT;
RUN;
PROC GLM;
CLASS MIX;
MODEL AMOUNT = MIX;
MEANS MIX/LSD LINES;
RUN;
Amount.dat:
2:1 2624.61
2:1 2753.66
2:1 2711.01
1:1 2913.30
1:1 2776.82
1:1 2735.28
3 2758.08
3 2791.93
3 2878.26
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Table E.10

LSD Results for Differences in Amount of Syngas Input into the System
by the Syngas Mixes of 2:1 Airgas Syngas, 1:1 Gasifier Syngas and 1:1
Airgas Syngas
The SAS System
The GLM Procedure
t Tests (LSD) for AMOUNT

NOTE: This test controls the Type I comparisonwise error rate, not the experimentwise
error rate.
Alpha
0.05
Error Degrees of Freedom
6
Error Mean Square
5612.405
Critical Value of t
2.44691
Least Significant Difference 149.67
Means with the same letter are not significantly different.
t Grouping
A
A
A
A
A

Mean

N

2809.42

3

3 (1:1 Wood Syngas)

2808.47

3

1:1 (1:1 Airgas Syngas)

2696.43

3

2:1 (2:1 Airgas Syngas)
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APPENDIX F
OXYGENATE CLASSIFICATION AND ELEMENTAL ANALYSIS
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Table F.1

GC-MS Areas for Liquid Oxygenate Characterization of Products in the
Aqueous Phase

Molecule
1,2-Benzenedicarboxylic
acid, diisooctyl ester
Propanoic Acids
Ethyl Alcohol
Acetone
Acetic Acids
Di-n-octyl Phthalate
Phenols
Formic Acids
Methylmalonic Acid

Table F.2

19.12 + 16.38
1.62 + 2.01
1.43 + 0.46
1.10 + 0.98
-

16.90 + 25.44
1.18 + 1.03
1.53 + 0.94
1.40 + 0.74
0.71 + 0.78
1.53 + 1.36
-

1:1 Wood Syngas
0.77 + 0.67
0.55 + 0.48
0.38 + 0.66
0.72 + 0.62
0.38 + 0.66

Elemental Analysis Results for Components in Aqueous Phase for each
Syngas Mix

Sample
2:1 Airgas Syngas
1:1 Airgas Syngas
1:1 Wood Syngas

Table F.3

2:1 Airgas Syngas 1:1 Airgas Syngas

% Carbon
0.09
0.13
0.10

% Hydrogen
11.03
10.97
11.05

% Nitrogen
0
0
0.01

% Remaining
88.89
88.91
88.84

Elemental Analysis Results for Components in Organic Phase 2:1 Airgas
Syngas Mix

Sample
2:1 Airgas Syngas

% Carbon
88.63

% Hydrogen
10.24
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% Nitrogen
0.18

% Remaining
0.95

APPENDIX G
AMOUNT OF GAS AND/OR WOOD USED IN THE EXPERIMENTS
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Table G.1

Amount of Liters of Syngas and Amount of Wood Used to Create the
Syngas based on the Mean Values of a Gasifier with a Flow Rate of 46
m3/hr from Wei (2005)
Amount of Syngas
Used (in N liters)

Test
2:1 Airgas Syngas Test 1
2:1 Airgas Syngas Test 2
2:1 Airgas Syngas Test 3
1:1 Airgas Syngas Test 1
1:1 Airgas Syngas Test 2
1:1 Airgas Syngas Test 3
1:1 Wood Syngas Test 1
1:1 Wood Syngas Test 2
1:1 Wood Syngas Test 3

2624.61
2753.66
2711.01
2913.30
2776.82
2735.28
2758.08
2791.93
2878.26

Amount of Wood
Used to produce the
syngas (in kg)
1.14
1.16
1.19

Table G.1 shows the amount of wood required to produce the amount of syngas used for
each gasifier syngas test. Based on these values, one ton of biomass would produce
approximately 0.02 gallons of aromatic gasoline-range hydrocarbons. This situation is
not economical. Obtaining the raw materials usually makes up more than half the
amount of cost in an industrial plant. If a low estimate of $18 per ton of wood is used for
the cost and transport of the wood feedstock needed, and the gasoline produced were to
sell at $3 per gallon; $18 of wood would be used to create $0.06 of gasoline. The
estimate does not include the other costs of manufacturing (such as utilities, labor,
maintenance, repairs, operating supplies, taxes…etc.) which would show that the current
process is even more uneconomical without modification.
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APPENDIX H
PERCENT ERROR OF MASS BALANCE FOR EXPERIMENTS
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The percent error is given by equation H-1.
% error 

Experimental value Theoretical value
100
Theoretical value

(H-1)

Where a positive number indicates a value that is too high and a negative value indicates
a value that is too low. The theoretical value is the mass in value because mass in should
theoretically equal mass out (law of conservation of mass) and the experimental value is
the mass out value corresponding to Table H.1. There may have been some error from
the wet test or electronic flow meters that were used in the experiments.
Table H.1

Percent Error of the Mass Balance of the System
Test
2:1 Airgas Syngas Test 1
2:1 Airgas Syngas Test 2
2:1 Airgas Syngas Test 3
1:1 Airgas Syngas Test 1
1:1 Airgas Syngas Test 2
1:1 Airgas Syngas Test 3
1:1 Wood Syngas Test 1
1:1 Wood Syngas Test 2
1:1 Wood Syngas Test 3
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% error of mass
balance
-0.45
-0.42
-1.25
-0.70
-0.72
-0.53
0.89
0.63
0.62

APPENDIX I
GC-MS COMPARISON OF 93 OCTANE GASOLINE AND HYDROCARBONS
CREATED FROM SYNGAS
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Figure I.1

GC-MS Results for 2:1 Airgas Syngas Organic Phase Results Compared
with 93 Octane Gasoline
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Figure I.2

GC-MS Results for 1:1 Airgas Syngas Organic Phase Results Compared
with 93 Octane Gasoline
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Figure I.3

GC-MS Results for 1:1 Wood Syngas Organic Phase Results Compared
with 93 Octane Gasoline
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